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If we knew what it was we were doing, 





“…fatti non foste a viver come bruti, 
ma per seguir virtute e canoscenza” 
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staining (for basal membrane identification) is the most
valid method to identify human satellite cells in their
in vivo niche (37,38) (Table 77.1, Figure 77.2).
Numerous trials aiming at reconstituting skeletal mus-
cle in human muscle diseases (mainly DMD) using myo-
blast transfer therapy have been carried out over the past
20 years, and have provided many lessons concerning the
hurdles that still remain to be faced in order to optimize
cell therapy strategies. Isolation and expansion of myo-
blasts is feasible in vitro, and they were thus chosen as
the first candidate cell to be tested for cell therapy.
Myoblast transplantation was first explored in the mouse
in 1978 by T. Partridge and colleagues (21), who showed
that injecting normal healthy myoblasts into the tibialis
muscle of an mdx mouse resulted in the restoration of
dystrophin expression to the entire muscle. Many subse-
quent studies confirmed these results using myoblasts
from newborn (39) or adult mice (40,41) as well as
human myoblasts 42). These very promising preliminary
results led to several clinical trials in the 1990s that, over-
all, failed to provide to the patients any relevant clinical
benefit. The most commonly encountered difficulties
were the poor survival of cells, the limited dispersion
from the injection site, immunorejection of allogenic
cells, and inefficient myogenic contribution (9). When
applied in mice, muscle damage or irradiation (39,43) can
improve the migration of myoblasts, but owing to obvious
ethical reasons such a protocol is not clinically relevant.
In a more clinical context, Skuk and colleagues were able
to improve cell dispersion by performing multiple injec-
tions 1 mm apart (44). Although this was shown to
greatly improve muscle reconstitution, this protocol
remains more pertinent in the case of muscle dystrophies
where only a limited number of small muscles are
involved and would consequently only require a localized
tissue repair, e.g. OPMD or facioscapulohumeral dystro-
phy (FSHD), for which cell therapy clinical trials are
ongoing.
To further improve dispersion of transplanted cells,
systemic injection could be a possible solution, but this
strategy has been excluded for myoblasts following a
study that demonstrated that they were unable to cross the
endothelial wall (45).
More recent experimental studies on muscle satellite
cells have used new powerful approaches, e.g. single fiber
isolation, purification of satellite cells or subpopulations
by FACS sorting followed by direct in vivo injection
in the absence of in vitro amplification (46!48). Although
these approaches showed better efficiency compared to
those obtained using in vitro expanded myoblasts, their







FIGURE 77.1 Satellite cells. Satellite cells are located beneath the basal lamina of muscle fibers and are normally in a quiescent state. They can
become activated following mechanical stimulus or injury and then start to proliferate. Some of them differentiate to form multinucleated myofibers,
whereas some others do not undergo terminal differentiation but restore the reserve pool of quiescent cells available to mediate further cycles of mus-
cle regeneration.
FIGURE 77.2 Satellite cell localization and identification by Pax7
expression. Human myoblasts injected into an immunodeficient mouse
muscle are found in satellite cell position, located between the sarco-
lemma and the basal lamina (laminin staining in grey, D), one month
after transplantation. Human cells are stained with laminAC (green, C
and D), satellite cells (white arrow, D) are identified with a staining for
Pax7 (red, B and D).
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"```aaY! '-G2F2/A!%$(?! -&'2/!%-52,9! 2Q49&9! $(5! $/2! 9&4,,! <24(6! 52F2,-;25! *-/! 2$3'!
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&'2!6/-+;!-*!t2,2(!C,$+!'$9!9'-G(!&'$&!,(-!%432!,$3)4(6!&'2!iW7!3-%;-(2(&!-*!&'2!
&2,-%2/$92! ^,(-I,a.a! /29+,&! 4(! $! %-+92! G4&'! 92F2/2! %+93+,$/! 5?9&/-;'?! &'$&!
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B2(&$%?34(! &/2$&%2(&! 3-+,5! 9+;;/299! &'2! 9&-;!3-5-(!;/292(&! 4(!2Q-(!KPA!$,,-G4(6!
&'2! &/$(9,$&4-(! -*! $! *+,,O,2(6&'! ;/-&24(! ^C$/&-(O@$F49! 2&! $,0A! "```a0! #(&2/29&4(6,?A! $!
/232(&!3,4(43$,!&/4$,!/29+,&25!4(!+;!&-!"]~!5?9&/-;'4(!2Q;/2994-(!4(!&'/22!@8@!;$&42(&9!
$*&2/! kO%-(&'9! -*! B2(&$%?34(! $5%4(49&/$&4-(! ^8$,4)! 2&! $,0A! KL"La0! t-G2F2/A!
B2(&$%?34(! '$9! 9'-G(! F$/4$<,2! 2**23&9! $(5! 9-%2! &-Q434&?A! &'2/2*-/2! (-(! &-Q43!
52/4F$&4F29!-*!&'49!5/+6!(225!&-!52F2,-;250!
56/7./7.8+90"036/8 79::(.7736/4! 1-!$55/299! &'2!(225! *-/!$!5/+6!3$;$<,2!-*!
9+;;/2994(6! ;/2%$&+/2! &2/%4($&4-(A! .1Z"KN! -/! 7&$,+/2(A! $! (2GA! -/$,,?! <4-$F$4,$<,2!
$62(&!&'$&!92,23&4F2,?! 4(5+329!/4<-9-%$,!/2$5O&'/-+6'!-*!;/2%$&+/2!<+&!(-&!(-/%$,!




$(5! ;'$/%$3-,-643$,! ;/-;2/&429! $,,! 9+6629&25! &'$&! &'49! 5/+6! '$9! </-$5! 3,4(43$,!
;-&2(&4$,! *-/! &'2! &/2$&%2(&! -*! $! ,$/62! 6/-+;! -*! 62(2&43! 549-/52/9! G4&'! 3+//2(&,?!
,4%4&25!-/!(-!&'2/$;2+&43!-;&4-(90!!
1'2!;-&2(&4$,!-*!7&$,+/2(! &-!;/-F452! &'2/$;2+&43! /2$5O&'/-+6'!-*!;/2%$&+/2!
9&-;!%+&$&4-(9!3$+94(6!@8@!G$9!;/-%494(6!4(!$(!-;2(O,$<2,!;'$92!K$!&/4$,!&'$&!,25!&-!
$! /$(5-%4n25A! 5-+<,2O<,4(5A! ;,$32<-O3-(&/-,,25! 5-92O/$(64(6! ;'$92! K<! &/4$,0! #(4&4$,!
/29+,&9!/2,2$925!<?!.1Z!1'2/$;2+&439!9'-G25!(-!946(4*43$(&!9$*2&?!3-(32/(9!-F2/!&'2!
NM! G22)9! -*! &'2/$;?A! <+&! 545! (-&! 52%-(9&/$&2! $! 946(4*43$(&! 54**2/2(32! <2&G22(!
! NM!
7&$,+/2(! $(5!;,$32<-! 4(! &'2!;/4%$/?!-+&3-%2!%2$9+/2!-*! &'2! kO%4(!G$,)! 549&$(32!
^k8y@a! ^D4()2,A! KL"La0! t-G2F2/A! *+/&'2/! $($,?949! 2Q$%4(4(6! ;$&42(&! 9+<6/-+;9A!
%+93,2! 5?9&/-;'4(! 2Q;/2994-(A! 2Q-(! ,-3$&4-(! $(5! &?;2! -*! (-(92(92! %+&$&4-(A!
/2,2$925! <?! .1Z! 1'2/$;2+&43! -(! h+(2! KL"K"A! 9'-G25! &'$&! ;$&42(&9! &/2$&25! G4&'!
7&$,+/2(!G$,)25!-(!$F2/$62!PL!%2&2/9!*+/&'2/!&'$(!;$&42(&9!-(!;,$32<-A!$9!%2$9+/25!
<?!&'2!3'$(62!4(!k8y@!*/-%!<$92,4(2!&-!y22)!NM0!1'49!/29+,&!49!3-(949&2(&!G4&'!&'2!
9&+5?! '?;-&'2949! -*! $! PLO%2&2/! 54**2/2(320! .$&42(&9! /2324F4(6! 7&$,+/2(! $,9-! '$5! $!
9,-G2/!/$&2!-*!523,4(2!4(!$%<+,$&4-(A!<$925!-(!$(!$($,?949!-*!&4%2!&-!"L~!G-/92(4(6!
4(!k8y@0!.-94&4F2! &/2(59! 4(!%+93,2! *+(3&4-(A!$9!%2$9+/25!<?! &4%25! *+(3&4-(! &29&9A!
G2/2!-<92/F25!4(!;$&42(&9!&/2$&25!G4&'!7&$,+/2(!G'2(!3-%;$/25!&-!;$&42(&9!&/2$&25!
G4&'!;,$32<-0!Z-(92X+2(&,?A!$!;'$92!P!3,4(43$,! &/4$,! *-/!@8@!;$&42(&9! 49!;,$((25! *-/!
KL"P0!@2&$4,25!4(*-/%$&4-(!$/2!$F$4,$<,2!-(!&'2!G2<94&2!-*!&'2!.1Z!1'2/$;2+&439K0!
;0(6:<3/4! 7(-&'2/! ;/-;-925! ;'$/%$3-,-643$,! $;;/-$3'! 49! <$925! -(! &'2!
$3&4F$&4-(A!4(!%+93,2!&499+2A!-*!&'2!+&/-;'4(!62(2A!$!;/-&24(!/2,$&25!&-!5?9&/-;'4(!&'$&!
4(!$5+,&!9)2,2&$,!%+93,29!49!2Q;/29925!-(,?!$&!&'2!(2+/-%+93+,$/!E+(3&4-(!^t4/9&!2&!$,0A!
KLL]a0! i232(&,?A! $! (2GA!-/$,,?! <4-$F$4,$<,2A! +&/-;'4(!+;/26+,$&-/! 3$,,25! U81!Z""LL!
'$9! <22(! 52F2,-;250! i232(&! 2Q;2/4%2(&9! -(! ,(-! %432! '$F2! 9'-G(! &'$&! 5$4,?!





<2*-/2! ,-99! -*! $%<+,$&4-(0! 1'2! %23'$(49%! -*! $3&4-(! -*! 3-/&43-9&2/-459! %$?! <2! &-!
9&$<4,4n2! &'2! %+93,2! %2%</$(2! $(5! &'+9! ;/2F2(&! %?-*4<2/! (23/-949A! &-! 523/2$92!
4(*,$%%$&4-(A! $(5!;-994<,?! &-! 4(3/2$92!2Q;/2994-(!-*! $!5?9&/-;'4(! $($,-6!+&/-;'4(0!
./25(49-(2! $(5! 52*,$n$3-/&! $/2! &G-! 3-/&43-9&2/-45! 5/+69! &'$&! '$F2! 52%-(9&/$&25!








<22(!;/-;-925! &'$&! 3$9;$92! 4('4<4&-/9! 3-+,5!523/2$92!%+93,2! ,-99! 4(!@8@!;$&42(&9!
^U$(5/4!2&!$,0A!KLL"a0!
1B @*44#9G*5/:=##
Z2,,! &'2/$;?! 49! <$925! -(! 9&2%! 32,,O5/4F2(! %+93,2! /262(2/$&4-(A! <?! ,-3$,! -/!














$,,-&/$(9;,$(&$&4-(aA! G'2(! 32,,9! */-%! $! '2$,&'?! 5-(-/! $/2! +925Y! -/! ^44a! $+&-,-6-+9!
&/$(9;,$(&$&4-(A!G'2(!'2$,&'?!32,,9!*/-%!&'2!;$&42(&!'4%92,*!$/2!+9250!C-&'!9&/$&26429!
$/2!$99-34$&25!G4&'!549&4(3&!<2(2*4&9!$(5!/49)9!&'$&!9'-+,5!<2!&$)2(!4(&-!$33-+(&!G'2(!






;$&42(&! %+9&! <2! 52/4F25! */-%! '2$,&'?! -/! (-(O$**23&25! %+93,290! y'4,2! &'49! 49!
$;;,43$<,2! &-! 9-%2! 5492$929! 9+3'! $9! -3+,-O;'$/?(62$,!%+93+,$/! 5?9&/-;'?! ^T.8@a!
! ]L!
G'2/2! F2/?! *2G! %+93,29! $/2! &$/62&25! <?! &'2! 5492$92! ^.2/42! 2&! $,0A! KLLkaA! 4(! %-9&!




%+9&R! ^4a!2Q49&! 4(!'+%$(9! ^$(5!(-&!-(,?! 4(!%432aA! ^44a!'$F2!$!%?-62(43!;-&2(&4$,A! ^444a!
549;,$?!'-%4(6!3$;$34&429!&-!94&29!-*!5262(2/$&4-(A!^4Fa!52%-(9&/$&2!'46'!2**4342(3?!4(!













KLLKaaA! $(5! &'2?! 3$(! -(,?! <2! $5%4(49&2/25! 4(&/$O%+93+,$/,?! $(5! (-&! 9?9&2%43$,,?!
^@2,,$F$,,2!2&!$,0A!KLLVa0!D-/!&'292!/2$9-(9A!-F2/!&'2!;$9&!?2$/9A!-&'2/!&?;29!-*!9&2%!
32,,9A! 549&4(3&! */-%! 9$&2,,4&2! 32,,9! '$F2! <22(! 4(F29&46$&25! $(5! 452(&4*425! 4(! %4320!




32,,9a! G4&'! %?-62(43! ;-&2(&4$,A! G'43'! %46'&! <2! $<,2! &-! 4%;/-F2! &/$(9;,$(&$&4-(!
! ]"!




"```a! 9-O3$,,25! %29-$(64-<,$9&9! '$F2! <22(! G2,,! 3'$/$3&2/4n25! 4(! %432! ^Z-99+! $(5!
C4$(3-A!KLLPY!U$%;$-,294!2&!$,0A!KLLPaA!$(5!$,9-!5293/4<25!4(!5-69!^@2!7(62,49!2&!$,0A!
"```a!$(5!'+%$(9!^@2,,$F$,,2!2&!$,0A!KLLVa0!1'2!<2'$F4-+/!-*!&'292!'+%$(!32,,9!'$F2!





^$9! $(! 2Q$%;,2A! $/-+(5! "LN! 32,,9! 3$(! <2! 49-,$&25! */-%! KLL! %6! -*! 9)2,2&$,! %+93,2!
&499+2!<4-;9429Y!KON~!-*!&'2!%-(-(+3,2$&25!32,,9!-<&$4(25!<?!2(n?%$&43!5499-34$&4-(!
4(! @8@a0! 1'292! Z@]kz! 7I.q! WBKq! Z@NNq! .@BDOi|q! Z@"Nkq! {OU87q! '+%$(!
%29-$(64-<,$9&9p;2/43?&29! ;/-,4*2/$&2! G2,,! !"# $!95%! $(5! 9;-(&$(2-+9,?! 54**2/2(&4$&2!
4(&-!8?tZO2Q;/2994(6!%?-&+<290!1'292!32,,9!2Q;/299! &'2!Z@"Nk!$(&462(A!G'43'! 49!$!
%$/)2/! -*! <-&'! 2(5-&'2,4$,! ;/-62(4&-/9! $(5! %292(3'?%$,! 9&2%! 32,,90! y'2&'2/!
%29-$(64-<,$9&9! $(5! ;2/43?&29! $/2! &G4(9! -/! /2,$&25! 32,,! &?;29! 49! 9&4,,! $! %$&&2/! -*!
52<$&2A!$9!49!&'2!2Q$3&!($&+/2!-*!&'2!Z@"Nkq!;/-62(4&-/0!y'2(!4(E23&25!4(&/$O$/&2/4$,,?!
4(!&'!(I,(-!%432A!'+%$(!;2/43?&29!/2$54,?!3/-99! &'2!F2992,!<$//42/!$(5!%46/$&2! 4(&-!
&'2! 5?9&/-;'43! %+93,2A! G'2/2! &'2?! 24&'2/! *+92! &-! %+93,2! *4</29! $(5! 2Q;/299!
5?9&/-;'4(A! -/! ,-3$,4n2! 4(! &'2! 9$&2,,4&2! 32,,! ;-94&4-(! $(5! 2Q;/299! &?;43$,! 9$&2,,4&2! 32,,!
%$/)2/90! U4%4,$/,?! @8@! ;2/43?&29! &/$(95+325! !"# $!95%! G4&'! $! ,2(&4F4/$,! F23&-/!
2Q;/2994(6!'+%$(!%4(4O5?9&/-;'4(!$/2!$<,2A!$*&2/!4(&/$O$/&2/4$,!4(E23&4-(A!&-!/2$3'!&'2!
9)2,2&$,! %+93,2! &499+2! $(5! ;$/&434;$&2! &-! '-9&! %+93,2! /262(2/$&4-(0! #(&2/29&4(6,?A!
'+%$(!;2/43?&29!922%!&-!<2!%-/2!2**4342(&!G'2(!4(E23&25!<?!&'2!9?9&2%43!/-+&2!&'$(!
G'2(! 4(E23&25! 54/23&,?! 4(&-! 9)2,2&$,! %+93,2! ^@2,,$F$,,2! 2&! $,0A! KLLVa0! T&'2/! 6/-+;9!
'$F2! $,9-! 4(F29&46$&25! &'2!%?-62(43! <2'$F4-/! -*! '+%$(! ;2/43?&29R! &'2! 6/-+;! -*! C0!
.b$+,&!'$9!49-,$&25!;2/43?&29p;2/4F$93+,$/!32,,9!*/-%!%$(?!&499+29A!4(3,+54(6!*2&$,!$(5!
! ]K!
$5+,&!'+%$(!%+93,29! ^.2$+,&! 2&! $,0A! KLLVa0! 1'2?!'$F2! 9'-G(! &'$&!;2/4F$93+,$/! 32,,9!
2Q;/299!%292(3'?%$,! 9&2%!32,,! ^8UZ9a!%$/)2/9! ^Z@NNA!Z@VPA!Z@`LA!Z@"L]a! !"# &!9)!
4%%254$&2,?!$*&2/!49-,$&4-(!$(5!$*&2/!;/-,-(625!&4%2!4(!3+,&+/2A!9+6629&4(6!$!;-994<,2!
;2/4F$93+,$/!-/464(!-*!8UZ9! ^.2$+,&!2&!$,0A!KLLVaA!'-G2F2/! &'2!;'?94-,-643$,! /-,29!-*!
;2/43?&29!$(5!8UZ9!4(!%+93,2!/262(2/$&4-(!$/2!9&4,,!+()(-G(0!#(&2/29&4(6,?A!%?-62(43!
;-&2(&4$,! 5-29! (-&! 922%! &-! <2! /29&/43&25! &-! %+93,2O52/4F25! ;2/4F$93+,$/! 32,,9A! $9!
;2/43?&29! ;+/4*425! */-%! $5+,&! '+%$(! $54;-92! &499+2! -/! ;,$32(&$! $/2! $<,2! &-!
54**2/2(&4$&2!4(&-!%?-&+<29!!"#$!95%!$(5!&-!*-/%!'+%$(!5?9&/-;'4(O2Q;/2994(6!*4</29!
!"# $!$%! ^.2$+,&! 2&! $,0A! KLLVa0! 829-$(64-<,$9&9! 49-,$&25! */-%! ;2/4;'2/$,! <,--5! -*!
3'4,5/2(!2Q;/299! &'2!;,+/4;-&2(3?!%$/)2/9![,*NA!3O8?3!$(5!T3&PpN! ^$,-(6!G4&'!WBKA!
Z@"PA! Z@NNa! ^Z-99+! $(5! C4$(3-A! KLLPaA! $(5! %$?! /2F2$,! $(! 4(&2/29&4(6! 9-+/32! -*!
%?-62(43!;/23+/9-/90!
#(! KLLVA! .2$+,&J9! 6/-+;! $,9-! 452(&4*425! $! ;-;+,$&4-(! -*!%?-2(5-&'2,4$,! 32,,9!
,-3$&25!<2&G22(!%+93,2!*4</29!4(!$5+,&!'+%$(!9)2,2&$,!%+93,2!^,299!&'$(!L0]~!-*!&'2!
&-&$,! 9)2,2&$,!%+93,2! ;-;+,$&4-(! 32,,9a! &'$&! 3-O2Q;/29929!%?-62(43! $(5! 2(5-&'2,4$,!
32,,!%$/)2/9! ^Z@]kA!Z@PNA!Z@"NNa!$(5!&'$&!3-(&/4<+&29!%-/2!2**4342(&,?! &'$(!Z@]kq!
62(+4(2! %?-62(43! 32,,9! &-! %?-*4</29! /262(2/$&4-(! 4(! 3$/54-&-Q4(! 4(E+/25! 9)2,2&$,!
%+93,2!-*!&'!(!%432!^j'2(6!2&!$,0A!KLLVa0!
3a Z@"PPq!
i232(&,?A! 4&! G$9! 52%-(9&/$&25! &'$&! $! 9%$,,! */$3&4-(! -*! &'2! %-(-(+3,2$&25!
32,,9! ;/292(&! 4(! &'2! $5+,&! ;2/4;'2/$,! <,--5! ^29&4%$&25! &-! L0Lk~! 4(! ^1-//2(&2! 2&! $,0A!
KLLNaa! 2Q;/299! &'2! 9&2%! 32,,! %$/)2/! Z@"PPA! $(5! 549;,$?9! $! %?-62(43! ;-&2(&4$,!
^1-//2(&2!2&!$,0A!KLLNa0!7,&'-+6'!&'2!<4-,-643$,!/-,2!-*!Z@"PP!^7Z"PP!-/!./-%4(4(O"a!49!
9&4,,! +(3,2$/A! &'49! 2;4&-;2! 922%9! &-! <2! $! '2,;*+,! %$/)2/! *-/! &'2! 49-,$&4-(! -*!
'2%$&-;-42&43!$(5!2(5-&'2,4$,!;/-62(4&-/9!32,,9A!$,&'-+6'!4&!49!,-9&!$*&2/!2Q;$(94-(!!"#
$!95%A!&'+9!'$%;2/4(6!32,,!&/$34(6!$*&2/!2Q;$(94-(!-/!4%;,$(&$&4-(0!3"#$!95%A!G'2(!3-O
3+,&+/25! G4&'! ZKZ"K! %?-62(43! 32,,9! Z@"PPq! ;/-62(4&-/9! $/2! $<,2! &-! *-/%! 8?tZO




^1-//2(&2! 2&! $,0A! KLLNa0! 8-/2-F2/A! ,-3$,! 4(E23&4-(9! -*! '+%$(! <,--5! Z@"PPq! 32,,9!
$332,2/$&2!%+93,2!/262(2/$&4-(!4(!$!/$&!%+93,2!4(E+/?!%-52,!$*&2/!N!G22)9R!&'49!$<4,4&?!
&-! $%2,4-/$&2! %+93,2! ;'2(-&?;2! 922%9! &-! <2! ,4()25! &-! &'24/! 3$;$34&?! &-! ;/-%-&2!
F$93+,-62(2949! <?! 923/2&4(6! F$93+,$/! 2(5-&'2,4$,! *$3&-/! $(5! <?! 54**2/2(&4$&4(6! 4(&-!
<-&'!2(5-&'2,4$,!$(5!9)2,2&$,!%?-62(43! ,4(2$629!^U'4!2&!$,0A!KLL`a0! #(4&4$,,?! 452(&4*425!
4(! ;2/4;'2/$,! <,--5A! Z@"PPq! 32,,9! '$F2! <22(! $,9-! *-+(5! 4(! '+%$(! 9)2,2&$,! %+93,2!
^C2(3'$-+4/! 2&! $,0A! KLLVY! W26/-(4! 2&! $,0A! KLL`a0! i232(&,?A! -+/! 6/-+;! 4(F29&46$&25!
X+$(&4&$&4F2,?! &'2! /262(2/$&4F2! ;-&2(&4$,! -*! '+%$(!%+93,2z52/4F25! Z@"PPq! 32,,9! !"#
$!$%A!$*&2/!4(&/$%+93+,$/!4(E23&4-(!4(!4%%+(-52*4342(&!%432A!$(5!52%-(9&/$&25!&'24/!
6/2$&2/! /262(2/$&4F2! 3$;$34&?! G'2(! 3-%;$/25! &-! 6%"/# ;!(*! '+%$(! 9$&2,,4&2! 32,,O
52/4F25!%?-<,$9&9! 3,$9943$,,?!+925! 4(! 3,4(43$,! &/4$,90! 1'2!(+%<2/!-*! *4</29!2Q;/2994(6!
'+%$(! ;/-&24(9A! &'2! (+%<2/! -*! '+%$(! 32,,9! 4(! $! 9$&2,,4&2! 32,,! ;-94&4-(A! $(5! 32,,!
549;2/94-(! G2/2! $,,! 5/$%$&43$,,?! 4(3/2$925! G'2(! 3-%;$/25! &-! '+%$(! %?-<,$9&9!
^W26/-(4! 2&! $,0A! KLL`a0! Z-%<4(25! 32,,! $(5! 62(2! &'2/$;?! $;;/-$3'29A! +94(6! Z@"PPq!
32,,9! 49-,$&25! */-%!@8@!;$&42(&9! 4(!G'43'! 9)4;;4(6! -*! $! 5?9&/-;'4(! 2Q-(! '$9! <22(!










452(&4*425! 4(! '+%$(! 9)2,2&$,! %+93,2! -(! &'2! <$949! -*! 7I@t! $3&4F4&?! ^H$+3'2n! 2&! $,0A!
KLL`a0! 7I@tq! 32,,9! /2;/292(&! $! 9%$,,! */$3&4-(! -*! &'2! %-(-(+3,2$&25! 32,,9! ^KON~a!
-<&$4(25! +;-(! 2(n?%$&43! 5499-34$&4-(! -*! $5+,&! 9)2,2&$,!%+93,2A! $(5! 3$(! <2! 54F4525!
4(&-! &G-! 9+<O;-;+,$&4-(9A! G'43'! 549;,$?! 54**2/2(&! 54**2/2(&4$&4-(! 3$;$34&4290! 7(!
7I@tqZ@PNq! 9+<;-;+,$&4-(A! G'43'! /$;45,?! ,-929! &'2! 2Q;/2994-(! -*! Z@PN! 4(! 3+,&+/2A!
! ]N!
9'-G9! $54;-62(43! $(5! -9&2-62(43! <+&! (-! %?-62(43! 54**2/2(&4$&4-(! 4(! $;;/-;/4$&2!
%254$Y! $(5! $(! 7I@tqZ@PNz! 9+<;-;+,$&4-(A! G'43'! /$;45,?! +;O/26+,$&29! Z@]k!
2Q;/2994-(!64F4(6!/492!&-!%+,&4(+3,2$&25!%?-&+<290!y'2(!4(E23&25!4(&-!4//$54$&25!$(5!
(-&2Q4(O&/2$&25!&4<4$,49!$(&2/4-/!%+93,29!^179a!-*!&'!(!%432A!-(,?!&'2!7I@tqZ@PNz!32,,9!





4%;,43$&25! 4(! &'2! 9?9&2%43! 52,4F2/?! -*! &'292! 32,,9A! 9+6629&4(6! &'24/! +92! *-/! &'2!
&/2$&%2(&!-*!%+93,2!5492$929!^H$+3'2n!2&!$,0A!KLL`a0!
2a 8UZA!SU!$(5!4.UR!*+&+/2!;-&2(&4$,!3$(545$&2!32,,9!
8292(3'?%$,! 9&2%! 32,,9! -/! %+,&4;-&2(&! 9&/-%$,! 32,,9! ^8UZ9a! /2;/292(&! $!
'2&2/-62(2-+9! 9+<92&! -*! (-(O'2%$&-;-42&43! 32,,9! &'$&! 3$(! <2! 452(&4*425! 4(! 92F2/$,!
&499+29A!4(3,+54(6!+%<4,43$,!3-/5!<,--5A!;,$32(&$A!$54;-92!&499+2A!,4F2/A!%+93,2A!94(-F4$,!
%2%</$(2!$(5!<-(2!%$//-GA! &'2! ,$&&2/! /2;/292(&4(6! &'24/!;/4(34;$,! 9-+/32! ^C4$(3-!
2&! $,0A! KL"LY! Z'$%<2/,$4(! 2&! $,0A! KLLVa0! 3"# $!95%A! +(52/! 9;234*43! 3-(54&4-(9A! &'2?!
54**2/2(&4$&2!4(&-!54**2/2(&!%292(3'?%$,!,4(2$629A!9+3'!$9!-9&2-3?&29A!$54;-3?&29!$(5!
3'-(5/-3?&29! ^h$3)9-(! 2&! $,0A! KL"La0! 8UZ9! $/2! 452(&4*425! <?! $! (+%<2/! -*! %$/)2/9!
^Z@VPA!Z@`L!$(5!Z@"L]a!z!$,&'-+6'!(-(2!-*!&'292!$/2!9;234*43!*-/!8UZ9!z!$(5!<?!&'2!
,$3)!-*!2Q;/2994-(!-*!'2%$&-;-42&43!$(&462(9!^Z@N]A!Z@PN!$(5!Z@"N!-/!Z@""<A!Z@"`!
$(5! tI7O@ia! ^@-%4(434! 2&! $,0A! KLLka0! 8UZ9! '$F2! <22(! $,9-! ;/-;-925! &-! 2F$52! -/!
%-5+,$&2! &'2! 4%%+(-,-643$,! /29;-(929A! G'43'! %$?! <2! 4%;-/&$(&! *-/! 4(5+3&4-(! -*!
4%%+(-&-,2/$(32!$(5!&-!$F-45!/2E23&4-(!-*!$,,-62(43!&/$(9;,$(&$&4-(!4(!32,,!$(5!&499+2!
&'2/$;429!^[-52!2&!$,0A!KLL`aA!$,&'-+6'!&'2?!%$?!<2!&'2!&$/62&!-*!&'2!4%%+(2!9?9&2%!
4*! &'2?! 2(6$62! 4(&-! $! 54**2/2(&4$&4-(! ;$&'G$?0! #(! $554&4-(A! 8UZ9! 923/2&2! &/-;'43!
*$3&-/9! &'$&! 3$(! ;/-%-&2! $(5! /26+,$&2! 2(5-62(-+9! &499+2! '-%2-9&$949! ^Z$;,$(A!
KLLVa0!_(*-/&+($&2,?A!/2;-/&9!+94(6!8UZ9!49-,$&25!*/-%!54**2/2(&!'+%$(!&499+29!9+3'!
$9! $54;-92! &499+2! ^B-+52(262! 2&! $,0A! KLL`Y! i-5/46+2n! 2&! $,0A! KLL]a! -/! 9?(-F4$,!
%2%</$(2! ^@2! C$/4! 2&! $,0A! KLLPY! 82(6! 2&! $,0A! KL"La! '$F2! 2F452(325! -(,?! $! G2$)!
! ]]!
;$/&434;$&4-(! -*! &'292! 32,,9! &-! %+93,2! /262(2/$&4-(0! t-G2F2/A! &'24/! /2,$&4F2!
$<+(5$(32! $(5! $F$4,$<4,4&?! */-%! 54**2/2(&! &499+29A! &'24/! $<4,4&?! &-! 2Q;$(5! /$;45,?! 4(!
3+,&+/2! $(5! &'24/! 4%%+(-9+;;/2994F2! $(5! &/-;'43! ;/-;2/&429A! %$)2! 8UZ9! $(!
4(&2/29&4(6!32,,!3$(545$&2!&-!<2!2Q;,-/25!^h$3)9-(!2&!$,0A!KL"La0!
t+%$(! 2%</?-(43! 9&2%! ^'SUa! 32,,9! ^1'-%9-(! 2&! $,0A! "``Ma! $(5! 4(5+325!
;,+/4;-&2(&! 9&2%! ^4.Ua! 32,,9! ^82499(2/! 2&! $,0A! KLLVY! 1$)$'$9'4! 2&! $,0A! KLLVa! $/2!
;/-%494(6!9-+/329!*-/!32,,!&'2/$;4290!'SU!32,,9!$/2!52/4F25!*/-%!&'2!4((2/!32,,!%$99!-*!
&'2!2%</?-(43!<,$9&-3?9&! ^]Ok!5$?9a0! 1'2?!'$F2! &'2!$<4,4&?! &-! 92,*O/2(2G!$(5! /2&$4(!
&'2! ;-&2(&4$,! &-! 54**2/2(&4$&2! 4(&-! $(?! 32,,! &?;2! -*! 23&-52/%A! %29-52/%! $(5!
2(5-52/%0!t-G2F2/!2&'43$,!499+29!9+//-+(5!&'2!+92!-*!'SU!32,,9!4(!/292$/3'0!1'2!+92!
-*! &'292!32,,9! 4(! &'2/$;2+&43!$;;,43$&4-(9!(2259! &-!<2!3$/2*+,,?!2F$,+$&25A! 94(32!'SU!
32,,9!3$(!<2!&+%-/462(43A!,2$54(6!&-!*-/%$&4-(!-*!&2/$&-%$9^C-5($/!2&!$,0A!KLLNa0!D2G!
2Q$%;,29!+94(6!'SU!'$F2!<22(!/2;-/&25!4(!%+93,2!32,,!&/$(9;,$(&$&4-(0!C$/<2/4!2&!$,0!
^C$/<2/4! 2&! $,0A! KLLVa! 5293/4<25! &'2! 52/4F$&4-(! -*! %+,&4;-&2(&! %292(3'?%$,!





4.U! 32,,9! 3$(!<2! 62(2/$&25! */-%!$5+,&! 9-%$&43! 32,,9! <?! &'2! 4(&/-5+3&4-(!-*! $!
52*4(25! $(5! ,4%4&25! 92&! -*! &/$(93/4;&4-(! *$3&-/9! &'$&! /2;/-6/$%! &'2%! &-G$/59! $(!
2%</?-(43O,4)2!9&$&20!82499(2/!2&!$,0!$(5!1$)$'$9'4!2&!$,0!*4/9&!5293/4<25!&'49!9&/$&26?!
4(!%-+92! *4</-<,$9&9! ^82499(2/! 2&! $,0A! KLLVY! 1$)$'$9'4! 2&! $,0A! KLLVaA! 52%-(9&/$&4(6!
&'$&! /2&/-F4/$,O%254$&25! &/$(95+3&4-(!-*! *-+/! &/$(93/4;&4-(! *$3&-/9! ^T3&PpNA! U-QKA! 3O
8?3A! [,*Na! 3-+,5! 4(5+32! ;,+/4;-&2(3?0! 1'49!%2&'-5! '$9! (-G! <22(! $;;,425! &-! -&'2/!
&?;29! -*! %-+92! 32,,9! $(5! &-! '+%$(! 9-%$&43! 32,,9! ^}$%$($)$! 2&! $,0A! KLLMa0! i232(&!
9&+5429! 9'-G25! &'$&! 3-%<4($&4-(! -*! 3-%;-+(59! ^#3'45$! 2&! $,0A! KLL`a! -/! 2Q;/2994-(!
;,$9%459! ^T)4&$!2&!$,0A!KLLMa!3-+,5!;$/&,?! 9+<9&4&+&2!-/!2(&4/2,?!2,4%4($&2! &'2!+92!-*!
4(&26/$&4F2!F4/$,!F23&-/9A!$55/2994(6!$!3/+34$,!9$*2&?!499+2!*-/!;-994<,2!+92!-*!4.U!32,,9!
4(! *+&+/2! '+%$(! &/$(9;,$(&$&4-(! &/4$,90! #(&2/29&4(6,?A! '+%$(! 4.U! 32,,9! '$F2! /232(&,?!
<22(!62(2/$&25!*/-%!@8@!$(5!C8@!;$&42(&J9!*4</-<,$9&9!^.$/)!2&!$,0A!KLLMa!$(5!$,9-!
*/-%! ;2/4;'2/$,! <,--5! ^}$%$($)$A! KL"La0! 7,&'-+6'! 54**2/2(&4$&4-(! -*! 4.U! 4(&-! &'2!
! ]k!
%?-62(43!,4(2$62!49!9&4,,!$(!-;2(!*42,5A!&'2!/232(&!/29+,&9!<?!}2!$(5!3-,,2$6+29A!G'43'!













;$&42(&! ^$+&-,-6-+9! &/$(9;,$(&$&4-(a! G'43'! G4,,! (225! &-! <2! 62(2&43$,,?! %-54*425! !"#
$!95%! ;/4-/! &-! 4(E23&4-(! &-! /29&-/2! &'2! 2Q;/2994-(! -*! $! %+&$&25! ;/-&24(0! 1-! $F-45!
4%%+(2! /2E23&4-(! $(5! 4%%+(-9+;;/2994-(A! $+&-,-6-+9! 9&/$&26429! G-+,5! <2!
;/2*2//25A!;/-F454(6!&'$&!$+&-,-6-+9!32,,9!$/2!$F$4,$<,20!1'2!3'-432!-*!&'2!9&/$&26?!49!
6+4525!<?!&'2!3,4(43$,!4(543$&4-(A!'2(32!&'2!;-994<4,4&?!-*!2Q&/$3&4(6!$(5!6/-G4(6!32,,9!
*/-%! $! 64F2(! ;$&42(&0! i232(&! ?2$/9! '$F2! 922(! &'2! 52F2,-;%2(&! -*! $! (+%<2/! -*!
3-%<4(25! &'2/$;2+&43! 9&/$&26429! *-/! $+&-,-6-+9! 32,,! &/$(9;,$(&$&4-(! -*! 62(2&43$,,?!




1-!;/-F452!9&$<,2! &/$(962(2!2Q;/2994-(! 4(!;/-,4*2/$&4(6!32,,9A! ,2(&4F4/+9! 49! &'2!
F23&-/! -*! 3'-432A! 94(32! <-&'! $52(-F4/+9! $(5! '2/;29! F4/+9! 62(-%29! $/2! ,-9&! $*&2/!
/-+(59! -*! 32,,! 54F494-(0! I2(&4F4/$,! F23&-/9! 4(*23&!%+93,2! ;/23+/9-/! 32,,9! ^8.Z9a! F2/?!
2**4342(&,?! $(5! &'2! 2Q;/2994-(! -*! &'2! 4(&26/$&25! &/$(962(2! /2%$4(9! 9&$<,2! $*&2/! 32,,!




K0P0 #%;/-F2%2(&! -*! 32,,! &/$(9;,$(&$&4-(! &'/-+6'! <4-%$&2/4$,9R!
t?$,+/-(43!$345O<$925!'?5/-62,!*-/!32,,O52,4F2/?!
#(! /232(&! ?2$/9A! 2**-/&9! '$F2! <22(! %$52! &-G$/59! &'2! 52F2,-;%2(&! -*!
<4-%$&2/4$,9! &'$&! 3-+,5! 4%;/-F2! &'2! 2**43$3?! -*! 32,,! &/$(9;,$(&$&4-(! *-/! &'2/$;2+&43!
;+/;-9290!1'2!;$9&!523$52!'$9!G4&(29925!$!G452!$//$?!-*!(-F2,!<4-%$&2/4$,90!7%-(6!
&'2%A!4(E23&$<,2!'?5/-62,9!$;;2$/25!F2/?!;/-%494(6R!&'2!;-994<4,4&?!&-!4(E23&!93$**-,59!








4(! 3-,,$<-/$&4-(!G4&'!@/!W43-,$! S,F$99-/2! ^Z'2%43$,! S(64(22/4(6!@2;&A!_(4F2/94&?! -*!
.$5-F$aA!52F2,-;25!$!(2G! 4(E23&$<,2!'?$,+/-(43!$345O<$925!'?5/-62,A!2(/43'25!G4&'!
(-F2,! *2$&+/29! 52946(25! &-! 4%;/-F2! 32,,! 52,4F2/?! 2**4342(3?0! #(! $554&4-(! &-! 3,$9943!
'?5/-62,! 3'$/$3&2/49&439!5293/4<25!$<-F2A! &'49!'?5/-62,!G$9!2(64(22/25! &-!-;&4%4n2!
&'2!*-,,-G4(6!;/-;2/&429R!^4a!4(E23&$<,2A!9-!&'$&!4&!3$(!<2!4(&/-5+325!4(&-!&'2!<-5?!G4&'!
%4(4%$,! 4(F$94F2! &23'(4X+2Y! ^44a! ;'-&-O;-,?%2/4n$<,2! !"# $!$%A! &'2! ;-,?%2/! 9-,+&4-(!




1'49! '?5/-62,! G$9! &29&25! !"# $!$%! $(5! 9'-G25! $(! 4%;/-F2%2(&! 4(! &499+2!




B2(2! &'2/$;?! $4%9! $&! &'2! /24(&/-5+3&4-(! -*! $! 3-;?! -*! &'2! %4994(6! -/! (-(O
*+(3&4-($,!62(2!4(&-!$(!$**23&25!&499+2!<?!%2$(9!-*!24&'2/!F4/$,!-/!(-(OF4/$,!F23&-/9A!
3-//23&4-(!-*!&'2!%+&$&25!&/$(93/4;&!^=2Q-(!9)4;;4(6>aA!$(5!54/23&!%-54*43$&4-(!-*!&'2!
&$/62&!62(2!$&! &'2!3'/-%-9-%$,! ,2F2,! ^=62(-%2!254&4(6>a0!U-%2!-*! &'292!9&/$&26429!
3-+,5!<2!$;;,425!&-!$(?!%+93+,$/!5?9&/-;'?A!<+&!&'2!F$9&!%$E-/4&?!G4,,!<2!9;234*43!*-/!
2$3'! 5492$92! $(5! 2F2(! 2$3'! ;$&42(&0! 1'2! %$E-/! 3'$,,2(629! ;/292(&25! 4(! &'2!
52F2,-;%2(&!-*! 62(2! &'2/$;?! *-/!%+93+,$/!5?9&/-;'429! 4(3,+52R! &'2!(225! &-! &$/62&!
54**2/2(&!%+93,29! 4(! &'2!<-5?A!$(5! 4(! &'2!3$92!-*!@8@!&'49! 4(3,+529! &'2!/29;4/$&-/?!
%+93,29p54$;'/$6%!$(5!'2$/&Y! -;&4%4n$&4-(!-*! 52,4F2/?! ^4(&/$%+93+,$/! F2/9+9! 4(&/$O
F$93+,$/aY! &'2!(225! *-/! ,-(6O&2/%!2Q;/2994-(!-*! &'2!&/$(962(2Y! &'2!/-,2!-*!;-&2(&4$,!
4%%+(2! /29;-(92Y! ;/-<,2%! -*! *4</-949Y! $(5! ;/2F2(&4-(! -*! ,294-(9! F2/9+9!
/2;,$32%2(&p/2;$4/!-*!(23/-&43!*4</290!!
#(! &'2! *-,,-G4(6! ;$/$6/$;'9! #!G4,,!%$4(,?! *-3+9! -(!@8@!$9! ;/-&-&?;2! &$/62&!





499+29! G4&'! 4%%+(2O%254$&25! /29;-(929! &-! &'2! &/$(962(2! $(5! F4/$,! ;/-&24(9! &'$&!
'4(52/9! $! 9+9&$4(25! 2Q;/2994-(0! y4&'! 62(2! /2;,$32%2(&A! &'2! $4%! 49! &-! ;/-F452! $(!
$,&2/($&4F2!3-;?!-*! &'2! *+(3&4-($,!62(2! *-/!;$&42(&9! /$&'2/! &'$(!/2;$4/! &'2!;$&42(&J9!
%+&$&25! ,-3+90! 7(! $5F$(&$62! -*! 62(2! /2;,$32%2(&! *-/! @8@! 49! &'$&! 4&! 49! (-&!
52;2(52(&! -(! $(?! ;$/&43+,$/! %+&$&4-(! $(5! &'2/2*-/2! 3-+,5! '$F2! $! </-$5! 4%;$3&!
$%-(6!;$&42(&90!
8$(?! F4/+929A! 4(3,+54(6! ,2(&4F4/+929A! $52(-F4/+929A! $(5! $52(-O$99-34$&25!
F4/+929!^77HaA!'$F2!<22(!4(&2(94F2,?!4(F29&46$&25!*-/!62(2!$554&4-(!9&/$&264290!!
I2(&4F4/$,! F23&-/9! $/2! $! 3,$99! -*! /2&/-F4/$,! F23&-/9! &'$&! 9&$<,?! 4(&26/$&2!
&/$(962(29!4(&-!&'2!62(-%29!-*!X+42932(&!$(5!(-(OX+42932(&!32,,9!^[$*/4!2&!$,0A!"``VY!
I4! 2&! $,0A! KLL]a0! #(&26/$&4-(! 4(&-! &'2! '-9&! 62(-%2A! '-G2F2/A! 3$(! 3$+92! 4(92/&4-($,!
! ]`!
%+&$62(2949A! ,2$54(6!&-!;-&2(&4$,!$3&4F$&4-(!-*!;/-&-O-(3-62(29!^C2$/5!2&!$,0A!KLLVY!
t$324(OC2?O7<4($! 2&! $,0A! KLLPaA! $,&'-+6'! &'49! -33+/9! $&! $! ,-G! */2X+2(3?0! I2(&4F4/$,!
F23&-/9!'$F2!,-G!4%%+(-62(434&?!$(5!$!X+4&2!,$/62!3$//?4(6!3$;$34&?!^∼`!)<aA!<+&!&'2?!
'$F2!(-&!<22(!9'-G(!&-!$3'42F2!G4529;/2$5!&/$(95+3&4-(!-*!&499+29! !"#$!$%!^[$*/4!2&!
$,0A! "``VY!8$3[2(n42!2&! $,0A! KLL]a0!79!$! /29+,&A! ,2(&4F4/$,! F23&-/9!$/2! 3+//2(&,?!<24(6!
+925!*-/!&'2!9&$<,2!&/$(95+3&4-(!-*!%?-62(43!9&2%!32,,9!^U$%;$-,294!2&!$,0A!KLLka!*-/!
&'2!52F2,-;%2(&!-*!32,,O<$925!&'2/$;429!*-/!@8@0!




3-(&$4(! F4/$,! 62(29! $(5! 9'-G25! 4(3/2$925! ,-(62F4&?! -*! 2Q;/2994-(0! #(! $554&4-(A! &'2!
,$3)!-*!F4/$,!3-54(6!92X+2(329!4(3/2$925!&'2!3$;$34&?!-*!&'292!F23&-/9A!$,,-G4(6!62(2!
&/$(9*2/! -*! *+,,O,2(6&'! 5?9&/-;'4(0! t-G2F2/A! $&! ;/292(&! -(,?! ;--/! &/$(95+3&4-(!
2**4342(3429! '$F2! <22(! $3'42F25! 4(! $5+,&! %+93,20! 1'2! +92! -*! $52(-F4/$,! F23&-/9! 49!
*+/&'2/! '$%;2/25! <?! &'24/! <24(6! 4%%+(-62(43A! G4&'! $<-+&! ]L~! -*! &'2! '+%$(!
;-;+,$&4-(!<24(6!;-94&4F2!*-/!(2+&/$,4n4(6!$(&4<-54290!
77H9! $/2! 94(6,2O9&/$(525! @W7! ;$/F-F4/+929! &'$&! /2X+4/2! $! '2,;2/! F4/+9! *-/!
/2;,43$&4-(!$(5!$992%<,?!^8+n?3n)$A!"``Ka0!t-G2F2/A!&'2!/23-%<4($(&!*-/%!^/77HaA!
529;4&2! 3$//?4(6!(-! F4/$,! 62(29A! 3$(!<2!;/-5+325! $&! '46'! &4&2/9! 4(! &'2! $<92(32!-*! $!
'2,;2/! F4/+9! $(5! 3$(! 4(*23&! <-&'! 54F454(6! $(5! (-(O54F454(6! 32,,9! ^.-59$)-**! 2&! $,0A!
"``Na0! U&$<,2! 62(2! 2Q;/2994-(! *-,,-G4(6! 4(&/$%+93+,$/! /77H! 4(E23&4-(! '$9! <22(!
/2;-/&25!*-/!+;!&-!K!?2$/9!4(!%432!$(5!%-/2!&'$(!V!?2$/9!4(!5-69!$(5!/'29+9!%-()2?9!
^8$((-!2&!$,0A!KLLPY!8-($'$(!2&!$,0A!"``MY!i$<4(-G4&n!$(5!U$%+,9)4A!"``Ma0!1-!5$&2A!
%-/2! &'$(! (4(2! 92/-&?;29! ^77H"O`a! '$F2! <22(! 5293/4<25A! $,,! 549;,$?4(6! 54**2/2(&!
&499+2! &/-;49%9! ^j4(3$/2,,4! 2&! $,0A! KLLMa0! D-/! @8@! 62(2! &'2/$;429A! 77HkA! 77HM! $(5!
77H`! '$F2! <22(! 9'-G(! &-! &/$(95+32! <-&'! 3$/54$3! $(5! 9)2,2&$,! %+93,2! $&! '46'!
2**4342(3429!$*&2/!9?9&2%43!62(2!&/$(9*2/A!$,,-G4(6!*-/!&'2!*4/9&!&4%2!&'2!;-&2(&4$,!*-/!
<-5?OG452! 62(2! &/$(9*2/! ^D-9&2/! 2&! $,0A! KLLMY! B/26-/2F43! 2&! $,0A! KLLNY!y$(6! 2&! $,0A!
KLL]Y!j4(3$/2,,4!2&!$,0A!KLLMa0!




%+93,2! &499+290! 1'49! $<4,4&?! '$9! <22(! 2Q;,-4&25! &-! 52F2,-;! 9?9&2%43! 62(2! 52,4F2/?!
&23'(4X+29! *-/! <-5?OG452! 52,4F2/?! -*! 5?9&/-;'4(! &-! 9&/4$&25!%+93,29! ^B/26-/2F43! 2&!
$,0A!KLLkY!B/26-/2F43!2&!$,0A!KLLNY![-;;$($&4!2&!$,0A!KLL`Y!y$(6!2&!$,0A!KLL]a0!









62(2! &/$(9*2/! ^D$<<! 2&! $,0A! KLLKY! B/26-/2F43! 2&! $,0A! KLLkY! t$/;2/! 2&! $,0A! KLLKY!
U$)$%-&-!2&!$,0A!KLLKY!y$(6!2&!$,0A!KLLLY!}+2!2&!$,0A!KLLka0!8$4(&2($(32!-*! &'2!WO
&2/%4($,! $3&4(O<4(54(6! $(5! <O5?9&/-6,?3$(O<4(54(6! 5-%$4(9! ^;$/&! -*! &'2! @BZa! 49!
2992(&4$,! *-/! &'2! *+(3&4-($,4&?! -*! $(?! %43/-O5?9&/-;'4(! ;/-&24(0! 7! (+%<2/! -*!
*+(3&4-($,! %43/-O5?9&/-;'4(9! '$F2! 9+33299*+,,?! <22(! 52F2,-;25! &'$&! 3-(&$4(! ,$/62!
52,2&4-(9!4(!&'2!/-5!$(5!ZO&2/%4($,!5-%$4(90!
P0K0 W-(OF4/$,!62(2!&'2/$;?!




62(-%2! /2;$4/A! &/$(9O9;,434(6! 9&/$&26429! $(5! &$/62&25! 94,2(34(6! -*! 9;234*43! 62(2!
&/$(93/4;&0! t-G2F2/A! $%-(6! $,,! &'2! &23'(4X+29A! 7T9!%254$&25! 2Q-(O9)4;;4(6! 49! &'2!
3,-929&!&-!3,4(43$,!$;;,43$&4-(A!&'2/2*-/2!4(!&'2!*-,,-G4(6!;$/$6/$;'9!#!G4,,!%$4(,?!*-3+9!
-(!&'49!9&/$&26?0!
1'2!%-9&! 4%;-/&$(&! 549$5F$(&$62! -*! (-(OF4/$,! 9&/$&26429! 49! &'2! 52,4F2/?! $(5!
&'2! 549&/4<+&4-(! F4$! &'2! 34/3+,$&4-(!-*! &'2! &'2/$;2+&43! F23&-/! &-! $,,! 9)2,2&$,!%+93,29!
! k"!
$(5!&'2!'2$/&A!G'43'!%2$(9!&'$&!&'2!F23&-/9! ,2$F2!&'2!<,--5!&-!/2$3'!%+93,2!32,,9A!
2(&2/! &'2! 32,,9A! $(5! *4($,,?! /2$3'! &'2! 4(&/$32,,+,$/! &$/62&0! 7,&'-+6'! F23&-/!
52F2,-;%2(&! 3$(! 4%;/-F2! &'2! 9;234*434&?! $(5! 2**4342(3?! -*! 2$3'! -*! &'292! ;'$929A!
F4/+929! $33-%;,49'! $,,! -*! &'292! $9;23&9! -*! 52,4F2/?! <?! &'2%92,F29! &'$()9! &-! &'24/!
4(&/4(943!;/-;2/&4290!
.,$9%45O%254$&25! 62(2! &'2/$;?! 49! <$925! -(! &'2! -<92/F$&4-(! &'$&! ($)25!
;,$9%45! @W7A! 52,4F2/25! &-! 9)2,2&$,! %+93,2! <?! 54/23&! 4(E23&4-(A! 3$(! 2(&2/! 4(&-! &'2!
%?-*4<2/! G'2/2! ;,$9%45! 62(29! $/2! 2Q;/29925! ^y-,**! 2&! $,0A! "``La0! 75F$(&$629! -*!
;,$9%45! 62(2! &'2/$;?! 4(3,+52! ,$/62O93$,2! ;/-5+3&4-(! ;/-329929A! $;;,43$<4,4&?! &-! $(?!
@8@!;$&42(&9A!/26$/5,299!-*!%+&$&4-(0!
7,&'-+6'! 4(4&4$,! -<92/F$&4-(9! 9'-G25! &'$&! 5?9&/-;'4(! ;/-&24(! 3-+,5! <2!
2Q;/29925!4(!%+93,29!-*!,(-!%432!$*&2/!94%;,2!4(&/$%+93+,$/!4(E23&4-(9!^739$54!2&!$,0A!
"``"Y!@$()-!2&!$,0A!"``PaA! &'2!(225! &-! 4%;/-F2! &'2!2**43$3?!-*!549&/4<+&4-(A!+;&$)2A!
$(5!2Q;/2994-(!-*! 4(E23&25!;,$9%459! 49!9&4,,!+(52/!52F2,-;%2(&0! #%;/-F2%2(&9!'$F2!
4(F-,F25!$5E+(3&4F2!&/2$&%2(&9A!$%-(6!G'43'!2,23&/-;-/$&4-(!,25!&-!&'2!'46'29&!,2F2,!
-*! 62(2!2Q;/2994-(A! $,&'-+6'! 946(4*43$(&!%+93,2!5$%$62!G$9!;/-F-)25! ^t$/&4))$! 2&!
$,0A! KLL"a0! #&! 9'-+,5! $,9-! <2! )2;&! 4(! %4(5! &'$&! &'49! $;;/-$3'! G-+,5! <2! 2Q&/2%2,?!
,$<-/4-+9! $(5! 4(F$94F2! 4*! $;;,425! &-! ;$&42(&9A! (-&! &-! %2(&4-(! &'2! 3'$,,2(62! -*!
52,4F2/4(6!;,$9%459!&-!&'2!'2$/&!$(5!54$;'/$6%0!
7T9!'$F2!<22(!52946(25!&-!<4(5!&-!3-%;,2%2(&$/?!92X+2(329!4(!&'2!&$/62&25!
%iW7! $(5! %-54*?! ;/2O%iW7! 9;,434(6! &-! 3-//23&! &'2! /2$54(6! */$%2! -*! $! %+&$&25!
&/$(93/4;&!9-!&'$&!62(2!2Q;/2994-(!49!/29&-/250!!
#(! -/52/! &-! %$)2! 7TW9! %-/2! 9&$<,2! &'$(! /26+,$/! iW7! -/! @W7!
-,46-(+3,2-&4529A!9-%2!3'2%43$,!%-54*43$&4-(9!'$F2!<22(!2F$,+$&25!^7$/&9%$Oi+9!2&!
$,0A! KLLNa0! 1'2/2! $/2! (-G!%$(?! 54**2/2(&! 3'2%49&/429! $F$4,$<,2A!G'43'! 4%;/-F2! &'2!
/2949&$(32! &-! 2Q-O! $(5! 2(5-(+3,2$929! $(5! 2('$(32! 32,,+,$/! +;&$)2A! 4(3/2$92! &'2!
$**4(4&?! *-/! &'2! &$/62&! iW7A! $(5! $,9-! /2(52/25! &'2! 7TWO&$/62&! '?</45! iW$92! t!
/2949&$(&0!1'49!/29+,&25!4(!&'2!52F2,-;%2(&!-*!&G-!54**2/2(&!3'2%49&/429R!KeOTO%2&'?,!
;'-9;'-/-&'4-$&2!^KJT82a!$(5!;'-9;'-/-54$%45$&2!%-/;'-,4(-!-,46-%2/9!^.8Ta0!
SQ-(! 9)4;;4(6! 3$(! <2! 4(5+325! <?! 7TW9! &$/62&4(6! &'2! 9;,432! 94&29A! &'2!
</$(3';-4(&! -/! 2Q-(O4(&2/($,! 92X+2(329! ^7$/&9%$Oi+9A! KL"La0! #(! 2$3'! 3$92A! 7TW!
<4(54(6!G4,,!'452!&'2!2Q-(!*/-%!&'2!9;,434(6!%$3'4(2/?!$(5!3-(92X+2(&,?!&'2!&$/62&25!
! kK!
2Q-(! 49! 9)4;;25! */-%! &'2! %iW70! 1'49! $,,-G9! &'2! ;/-5+3&4-(! -*! 4(&2/($,,?! 52,2&25A!
;$/&4$,,?! *+(3&4-($,!5?9&/-;'4(!;/-&24(9A!$9! *-+(5! 4(!C8@!;$&42(&9!$(5! &'+9!'$9! &'2!
;-&2(&4$,!&-!3-(F2/&!92F2/2!@8@!4(&-!%4,52/!C8@!;'2(-&?;20!
7TO4(5+325! 2Q-(! 9)4;;4(6! ;/-5+34(6! *+(3&4-($,! &/+(3$&25! 5?9&/-;'4(! '$9!
<22(!52%-(9&/$&25! 4(! $(4%$,!%-52,9!-*!@8@!<-&'! !"# $!95%! ^83Z,-/2?!2&! $,0A! KLLka!




W+%2/-+9! !"# $!$%! 9&+5429! '$F2! ;/-F4525! ;/2O3,4(43$,! 2F452(32! *-/! &'2!
&'2/$;2+&43!;-&2(&4$,!-*!$(!$(&492(92!9&/$&26?!*-/!@8@!4(!92F2/$,!$(4%$,!%-52,90! #(!
;$/&43+,$/A!&'2#,(-!%-+92!'$9!<22(!+925!&-!&29&!&'2!2**43$3?!-*!<-&'!7T!$;;/-$3'29R!






$(5!G$9!$55/29925! &-!$!94(6,2!@8@!;$&42(&!'$/<-+/4(6!$! */$%2O9'4*&4(6!52,2&4-(! 4(!





8-/2! /232(&,?A! /292$/3'! 6/-+;9! 4(! &'2!W2&'2/,$(59! ^@+&3'! 3-(9-/&4+%! */-%!
&'2!I2452(!_(4F2/94&?a!$(5!4(!&'2!_[!^8@Sc!3-(9-/&4+%a!'$F2!G-/)25!&-G$/59!3,4(43$,!
2F$,+$&4-(! -*! &'2! $(&492(92O%254$&25! 2Q-(! 9)4;;4(6! 4(! @8@! ;$&42(&90! 1'2! @+&3'!




G4&'! $! 94(6,2! 5-92! -*! L0M%6! .iTL]"0! 1'49! &/2$&%2(&! G$9! G2,,! &-,2/$&25! $(5!
$33-%;$(425! <?! 9;234*43! 2Q-(! ]"! 9)4;;4(6Y! 4&! 6$F2! 5-92O52;2(52(&! /29&-/$&4-(! -*!
5?9&/-;'4(!;/-5+3&4-(!&'$&!/29+,&25!4(!$!%-529&!<+&!(-&!946(4*43$(&! 4%;/-F2%2(&!4(!
k8y@!/29+,&9!$*&2/!"K!G22)9!-*!&/2$&%2(&!^F$(!@2+&2)-%!2&!$,0A!KLLVa0!!





5-92O293$,$&4-(! ;/-&-3-,0! i29+,&9! */-%! &'49! &/4$,! 52%-(9&/$&25! &'$&! .8T!
-,46-(+3,2-&4529!G2/2!G2,,!&-,2/$&25!<?!$,,!;$&42(&9!$(5!/29+,&25!4(!5-92O52;2(52(&!




&/4$,9! '$F2! $,/2$5?! ;/-6/29925! -F2/! ;'$92! K!G4&'! 2(3-+/$64(6! /29+,&9A! $,&'-+6'! (-!
/2$,!&'2/$;2+&43!2**23&!'$9!?2&!<22(!/2;-/&25!^B-2%$(9!2&!$,0A!KL""a0!7!;'$92!P!&/4$,!
49! 3+//2(&,?! -(6-4(6P! $9! *+/&'2/! 3,4(43$,! 9&+5429! $/2! (-G! /2X+4/25! &-! 29&$<,49'! &'2!
-;&4%$,!2**23&4F2!5-94(6!/264%2(A!$9!$(!2Q&2(94-(!-*!&'2!G-/)!;2/*-/%25!4(!&'2!,(-!
%-52,!^8$,2/<$!2&!$,0A!KL""Y!y+!2&!$,0A!KL""a0!
!1'2! ,$&29&!_0[0!8@Sc!Z-(9-/&4+%! 49!(-G! *-3+94(6!-(! &'2!52F2,-;%2(&!-*!$!
(-F2,! ;2;&452O3-(E+6$&25! .8T! ^..8Ta! *-/! &'2! 9)4;;4(6! -*! 2Q-(! ]PA! $(5! $! &/4$,! 49!
;,$((25!*-/!KL"PN0!
N0K0 Z2,,!&/$(9;,$(&$&4-(!&/4$,9!
7&&2%;&9! &-! /23-(9&4&+&2! 9)2,2&$,! %+93,2! 4(! %+93+,$/! 5?9&/-;'?! ;$&42(&9!









&'2! /29+,&9! -<&$4(25! '$F2! <22(A! 4(! &'2! <29&O3$92! 932($/4-A! 9'-/&O,$9&4(6! 5?9&/-;'4(!
52&23&4-(! $(5p-/! $(! 4%;/-F2%2(&! -*!%+93,2! 9&/2(6&'! 4(! $! *2G! 3$929! ^a/64*# QA! 922!
^W26/-(4! 2&! $,0A! KL""a! *-/! $! /2F42Ga0! #(! $,,! 3$929! <+&! -(2! ^1-//2(&2! 2&! $,0A! KLLVaA!
'2&2/-,-6-+9! &/$(9;,$(&$&4-(9! G2/2! ;2/*-/%25A! $,&'-+6'! 3-%;,2&2! %$&3'4(6! G$9!
%2&!-(,?!-(32! ^1/2%<,$?!2&!$,0A!"``Pa0!W+%2/-+9!'+/5,29!'$F2!<22(! 452(&4*425!$(5!
9&+5425!4(!$(!4%%+(-9+;;/29925!(-(O'+%$(!;/4%$&2!2Q;2/4%2(&$,!%-52,0!1'2!%-9&!
/232(&! 3,4(43$,! &/4$,! <?! 1/2%<,$?J9! 6/-+;A! +94(6! 52,4F2/?! -*! ,$/62! (+%<2/! -*! 32,,9! 4(!
9%$,,! F-,+%29A! $(5! +(52/! 4%%+(-9+;;/2994-(A! 9'-G25! $! 946(4*43$(&! ;2/32(&$62! -*!
;$&42(&!%+93,2!*4<2/9!2Q;/2994(6!&'2!5-(-/!5?9&/-;'4(!<+&!/29&/43&25!&-!&'2!4(E23&4-(!
94&290!




49! (-&! 3,4(43$,,?! $**23&25! <?! &'2! 5492$92A! 2Q;$(525! !"# $!95%A! $(5! 4(E23&25! 4(! $(!
$+&-,-6-+9! 3-(&2Q&! 4(! &'2! 3,4(43$,,?! $**23&25! %+93,2! 4(! -/52/! &-! 4%;/-F2! 4&9!
/262(2/$&4F2!3$;$34&4290!
T+/! ,$<-/$&-/?! '$9! ;/-;-925! $+&-,-6-+9! %?-<,$9&! &/$(9;,$(&$&4-(! $9! $!
;-&2(&4$,!9&/$&26?!&-!4%;/-F2!%+93,2!*+(3&4-(!4(!%+93+,$/!5?9&/-;'429!,2$F4(6!9;$/25!
%+93,2!&499+29A!9+3'!$9!T.8@!$(5!DUt@A!&G-!$+&-9-%$,!5-%4($(&!5492$9290!T.8@!49!
$! ,$&2O-(92&!%+93+,$/! 5?9&/-;'?! 3'$/$3&2/4n25! <?! $! &?;43$,! 549&/4<+&4-(! ,-3$,4n25! &-!
2?2,45! $(5! 9G$,,-G4(6!%+93,29A! *-,,-G25! 4(! ,$&2! 9&$629!<?!;/-Q4%$,! ,4%<!G2$)(2990!
1'2! 5?9;'$64$! 3-%;/-%4929! &'2! ,4*2! 2Q;23&$(3?A! $(5! 3,$9943$,!%?-&-%?! 49! -*&2(! -*!
&/$(942(&!<2(2*4&0!7!;/23,4(43$,! 9&+5?! ^.2/42!2&! $,0A! KLLka!5-3+%2(&25! &'2!%?-62(43!
3$;$34&429!-*!%?-<,$9&9!2Q;$(525!*/-%!(-(O3,4(43$,,?!$**23&25!%+93,29!^9&2/(-O3,245-O
%$9&-454$(A!-/!F$9&+9!,$&2/$,49aA!$(5!$!.'$92!#!3,4(43$,!&/4$,!'$9!<22(!,$+(3'250!1'2!&/4$,!
49! $! *2$94<4,4&?! $(5! &-,2/$(32! 9&+5?A! $(5! $,&'-+6'! &'2! *4/9&! /29+,&9! $/2! 2(3-+/$64(6A!
&'24/!$($,?949!49!9&4,,!-(6-4(60!
! k]!
DUt@! 49! 3'$/$3&2/4n25! <?! $! &?;43$,! /264-($,! 549&/4<+&4-(A! G4&'! ;/-6/2994F2!
G2$)2(4(6!-*!*$32!$(5!9'-+,52/!64/5,2!%+93,29A!*+/&'2/!2Q&2(54(6!&-!$<5-%4($,!$(5!
;2,F43! 64/5,2A! $(5! &-! '+%2/$,! $(5! $(&2/4-/! *-/2,4%<!%+93,290! 7+&-,-6-+9!%?-<,$9&9!
'$/F29&25! */-%!3,4(43$,,?!(-(O$**23&25!%+93,29!$(5!2Q;$(525! 4(! 3+,&+/2A!'$F2!<22(!
;/-;-925!&-!<2!&/$(9;,$(&25!4(&-!3,4(43$,,?!$**23&25!%+93,29!^H4,X+4(!2&!$,0A!KLL]a0!1'2!
;/2O3,4(43$,! F$,45$&4-(! -*! &'49! 3-(32;&! /2X+4/25A! 4(! $554&4-(! &-! $%;,4*43$&4-(! $(5!
3'$/$3&2/4n$&4-(!-*!DUt@!%?-<,$9&9!*/-%!+($**23&25!%+93,29A!&'24/!4%;,$(&$&4-(!4(&-!
9)2,2&$,! %+93,29! -*! /2,2F$(&! $(4%$,! %-52,90! 1'292! /29+,&9! ;$F25! &'2! G$?! *-/! $(!
-(6-4(6!.'$92!#!3,4(43$,!&/4$,!^9$*2&?!$(5!*2$94<4,4&?aA!+94(6!F$9&+9!,$&2/$,49!$+&-,-6-+9!











1'2! 52F2,-;%2(&! -*! 4((-F$&4F2! &'2/$;2+&43! 9&/$&26429! *-/! %+93+,$/!
5?9&/-;'429A! 24&'2/! 32,,O! -/! 62(2O<$925A! 49! 9&4,,! $! 52F2,-;4(6! *42,50! 7,&'-+6'!;-94&4F2!
/29+,&9!'$F2!<22(!-<&$4(25!4(!32,,O&'2/$;?!;/23,4(43$,!9&+5429!4(!$(4%$,!%-52,9A!&'2?!
'$F2!(-&!<22(!3-(*4/%25!4(!;$&42(&9!$(5!/29+,&25!9-%2&4%29!4(!/$&'2/!5493-+/$64(6!
2F452(329! 4(! 3,4(43$,! &/4$,9A! 2060! 32,,! &'2/$;?! *-/! @8@! ;$&42(&90! 1'292! *4(54(69!




$!923-(5! 4(9&$(32A!94(32!-+/!$4%! 49! &-!2F$,+$&2!&'2!<2'$F4-+/!-*!'+%$(!32,,9! 4(&-!$!
;$&'-,-643$,!2(F4/-(%2(&A!&'49!%-52,!'$9!&-!;/292(&!&'2!3,$9943$,!5?9&/-;'43!*2$&+/29!
4(!9)2,2&$,!%+93,290!
1'2/2*-/2A! &'2! *4/9&! -<E23&4F2! -*! &'49! &'2949! G$9! &-! 3'$/$3&2/4n2! &'2! (2G,?!
52F2,-;25! ./01>34156>+,(>! %-+920! #! 2F$,+$&25! 4(! -+/! (2G! %-52,! &'2! %-9&!




HV A%(-. 2++1$%)(62"2($"B.+%)1'3,(. ,D(.)B-,8%CD2". CD($%,BC(Z. 73$. 4LY. NLY. 3$).
[\L"(''-.)(62"2($"2(-.+%)1'3,(.6258%-2-.)(C%-2,2%$Z.
1'2!/-,2!-*!4%%+(2!32,,9!4(!/262(2/$&4-(p5262(2/$&4-(!/2,$&25!;/-329929!'$9!
<22(! G452,?! 5293/4<25! -F2/! &'2! ;$9&! ?2$/9! ^145<$,,! $(5! H4,,$,&$A! KL"La0! #(! -/52/! &-!
4(F29&46$&2!G'2&'2/!&'2!&-&$,!$<92(32!-*!,?%;'-3?&29!^<-&'!1O!$(5!CO32,,9a!$9!G2,,!$9!
W[!32,,9A!3-+,5!%-54*?!&'2!5?9&/-;'43!*2$&+/29!4(!&'2!9)2,2&$,!%+93,2A!#!2F$,+$&25!&'2!
%-9&! 3-%%-(,?! )(-G(! $(5! 5293/4<25! '$,,%$/)9! -*!%+93+,$/! 5?9&/-;'?! 4(!%432A! 4(!
-+/!%-52,!4(!3-%;$/49-(!G4&'!&'2!,(-!%-+920!
8-/2-F2/A!4&!'$9!<22(!5293/4<25!&'$&!&'2!,$3)!-*!4%%+(2!32,,9!^CO!$(5!1O32,,9a!










JV ]D3,. 2$6'1($"(. +3"8%CD3*(-Y. C38,2"1'38'B. C8%L2$6'3++3,%8B. +3"8%CD3*(-Y.
(R(8,.%$.+B%5'3-,-Z..
#(! KLLVA! 7/(-,5! 2&! $,0! 5293/4<25! &'$&! $! ;$/&43+,$/! 9+<;-;+,$&4-(! -*!
%$3/-;'$629! ^4020! ;/-O4(*,$%%$&-/?! -/! 8"a! '$F2! $! ;/-O%4&-&43! 2**23&! -(! '+%$(!





1'2/2*-/2! G2! 4(F29&46$&25! 4(! 3-O4(E23&4-(! -*! '+%$(! %?-<,$9&9! G4&'! ;/-O







1'2! 52F2,-;%2(&! -*! 2Q-(O9)4;;4(6! $;;/-$3'29! 49! $! F2/?! $3&4F2! *42,5Y! (2G!
2Q-(O9;234*43!7T9!$/2!52946(25!$(5! &'2(! &29&25! 4(! &'2!,(-!%-+92!-/! !"#$!95%#+94(6!
'+%$(!32,,90!y2!'$F2!&'2/2*-/2!9&$/&25!3-,,$<-/$&4(6!G4&'!./-*0!@43)9-(!$&!&'2!i-?$,!
t-,,-G$?! _(4F2/94&?! 4(! I-(5-(A! &-! 4(F29&46$&2! G'2&'2/! 4&! G-+,5! <2! ;-994<,2! &-!
52F2,-;!$(!!"#$!$%!%-52,!9?9&2%0!1'2!%-52,!49!<$925!-(!&'2!4(&/$O%+93+,$/!4(E23&4-(!
-*!'+%$(!@8@!32,,9A!G4&'!)(-G(!52,2&4-(9!^2060!2QN]O]KA!2QNMO]KA!2Q]KaA!4(&-!./01>
34156>+,(>!%4320! 7(4%$,9!G-+,5! &'2(! <2! &/2$&25! 24&'2/!G4&'!%-/;'-,4(-! ^.8Ta! -/!
! k`!









-*! ./01>34156>+,(># %$,2! $(5! *2%$,2! $(4%$,9! ^F!0)5*# AJa! $(5! &'2! G246'&! -*! &'2!
*-,,-G4(6! '4(5,4%<! %+93,29R! 17A! S@IA! U-,2+9! $(5! B$9&/-3(2%4+9! ^a/64*# Ya0! y2!






9'-G! &'$&! */-%! k! G22)9! ./01>34156>+,(># %$,2! $(4%$,9! $/2! '2$F42/! &'$(! <9! <+&!
3-%;$/$<,2!$(5!(-&!9&$&49&43$,,?!54**2/2(&!&-!,(-!%4320!C?!KN!G22)9!-*!$62!&'24/!<-5?!
G246'&! 49! ,-G2/A! $,&'-+6'! (-&! 946(4*43$(&,?! &'$(! &'2! -&'2/! &G-! %-+92! %-52,90! #(!
3-(&/$9&A! &'2!<-5?!G246'&9!-*! *2%$,2!%432!9'-G!946(4*43$(&!54**2/2(329!2F2(!$&! ,$&2!




4(4&4$,! 54**2/2(32! 49! (-!%-/2! 9&$&49&43$,,?! 946(4*43$(&! $&! ,$&2/! &4%2! ;-4(&9Y! %-/2-F2/A!
*/-%! M! &-! KN! G22)9! -*! $62A! <-&'! ./01>34156>+,(># $(5! ,(-! %-52,9! ;/292(&! 17!
%+93,29! G'43'! $/2! 946(4*43$(&,?! '2$F42/! &'$(! <9! 3-(&/-,90! 1'2! -&'2/! &G-! %+93,29!
3-(9452/25! *-/! &'2!9&+5?A!S@I!$(5!U-,2+9A!5-!(-&!54**2/! */-%!3-(&/-,9A!2Q32;&!$&!"K!
! V"!
$(5! KN! G22)9! *-/! &'2! ,(-A! $(5! $&! k! $(5! "K! G22)9! *-/! ./01>34156>+,(>0! 1'2!
6$9&/-3(2%4+9!-*!<-&'!5?9&/-;'43!%432!49!946(4*43$(&,?!'2$F42/!&'$&!<9!3-(&/-,9!$&!$,,!

















82$(! Ü! US8! $/2! 9'-G(! *-/! 14<4$,49! $(&2/4-/A! SQ&2(9-/! @464&-/+%! I-(6+9A! U-,2+9A! $(5!
B$9&/-3(2%4+9A! *-/! %$,2! $(4%$,9! -*! 2$3'! %-+92! 9&/$4(A! $(5! *-/! 2$3'! $62! 6/-+;! ^(! á! Pa0!
@4**2/2(329!<2&G22(!5?9&/-;'43!9&/$4(9!$/2!4(543$&25!$9!*-,,-GR!à!:#h#JBJO#3-%;$/25!&-!,(-E#! :#
h#JBJOE#! ! :#h#JBJAE#! ! ! :#h#JBJJA#3-%;$/25!&-!<9#3-(&/-,B#y246'&9!-*!./01>34156>!%432!
$/2!(-&!9'-G(!$9!G2/2!(-&!946(4*43$(&,?!54**2/2(&!*/-%!<9#%432B#
1B @5*/9!"*#M!"/&*#&*5),#4*$*4&#















SF$,+$&4-(! -*! &'2! 5?9&/-;'43! ;'2(-&?;2! -*!./01>34156>+,(>#%432! <?! X+$(&4*43$&4-(! -*! 3/2$&4(O




1'2! ,(-! %-+92! '$9! <22(! 5293/4<25! $9! ;/292(&4(6! %+,&4;,2! 3,+9&2/9! -*!
/2F2/&$(&! *4<2/9A! $9!G2,,! $9! $! 3'$/$3&2/49&43! ;2$)! -*! 5262(2/$&4-(! $(5! /262(2/$&4-(!
<2&G22(!N!$(5!k!G22)9!-*!$620!#(!-/52/!&-!$($,?92!G'2&'2/!&'49!(2G!%-52,!/2&$4(9!
&'292!3'$/$3&2/49&439A!G2!'$F2!^"a!F2/4*425!&'2!;/292(32!-*!5?9&/-;'4(!;-94&4F2!*4<2/9!
4(! %+93,2! 923&4-(9A! $(5! ^Ka! 3-%;$/25! &'2! )4(2&439! -*! %+93,2! /262(2/$&4-(! 4(! <-&'!
./01>34156>+,(>#$(5!,(-#%-52,90!!
1-! 3-(*4/%! &'$&! &'2/2! G$9! $! 3-%;,2&2! $<92(32! -*! 5?9&/-;'4(! 4(! &'2! ./01>
34156>+,(>!%432A!G2!;2/*-/%25!$(!4%%+(-9&$4(4(6!$6$4(9&!5?9&/-;'4(!^F!0)5*#A17Xa!
$9! G2,,! $9! &'2! -&'2/! ;/-&24(9! -*! &'2! 5?9&/-;'4(O6,?3-;/-&24(! 3-%;,2Q! ^@BZaR! |O
5?9&/-6,?3$(!^F!0)5*#A17XaA!|O9$/3-6,?3$(!$(5!O9$/3-6,?3$(!^5$&$!(-&!9'-G(a0!8+93,2!
923&4-(9! */-%!,(-!%432! 9'-G25! &'2!;/292(32!-*!%$(?! 3,+9&2/9!-*! /2F2/&$(&! *4<2/9A!
G'43'!G2/2!;-94&4F2! *-/!5?9&/-;'4(!$9!G2,,! $9! $,,! &'2!-&'2/!;/-&24(9!-*! &'2!@BZA! $9!
/2;/292(&25! 4(! F!0)5*# A17X01'2! $($,?949! -*! 923&4-(9! */-%! ./01>34156>+,(>! %432!
3-(*4/%9! &'2! 3-%;,2&2! $<92(32! -*! 5?9&/-;'4(! ;-94&4F2! %+93,2! *4<2/9A! $9! 2Q;23&25!






8+93,2! 923&4-(9!-*! &4<4$,49!$(&2/4-/!%+93,2!-*!./01>34156>+,(>! $(5!,(-!%432!G2/2! 9&$4(25! *-/!
5?9&/-;'4(! $(5! |O! 5?9&/-6,?3$(! ^6/22(a! $(5! (+3,24! ^<,+2a! &-! F2/4*?! &'2! ;/292(32! -*! /2F2/&$(&!
*4<2/9! ^!aA! %+93,29! */-%!<9! $(5! ./01>34156>! ^(-&! 9'-G(a! $(4%$,9! G2/2! +925! $9! $62O%$&3'25!




y'2(!G2! 4(F29&46$&25! &'2! ;/292(32! $(5! )4(2&439! -*! $! /262(2/$&4-(! ;/-3299A!
%+93,29! */-%!<-&'!./01>34156>+,(>! $(5!,(-!%432! /2F2$,25! &'2!;/292(32!-*! *4<2/9!
G4&'! 32(&/$,! (+3,24! &'$&! '$5! +(52/6-(2! $&! ,2$9&! -(2! 3?3,2! -*! /262(2/$&4-(0!
u+$(&4*43$&4-(!-*!&'2!(+%<2/!-*!32(&/$,,?!(+3,2$&25!^ZWa!*4<2/9!;/292(&!4(!&'2!17A!S@I!
$(5! U-,2+9! %+93,29! $&! 54**2/2(&! &4%2! ;-4(&9! 4(! &'2! &G-! 5?9&/-;'43! 9&/$4(9! 545! (-&!
9'-G!$(?!54**2/2(32!^F!0)5*#AQ7XaA!$,&'-+6'!G2!545!-<92/F2!$!62(2/$,!4(3/2$92!4(!&'2!
(+%<2/! -*! ZW! *4<2/9! <2&G22(! N! $(5! KN!G22)9A! /2$3'4(6! $! ;,$&2$+! <2&G22(! "kOKN!
! V]!
G22)90! 1'49! 49! 4(! $6/22%2(&! G4&'! ;/2F4-+9! 5$&$! 5293/4<25! *-/! &'2! ,(-! %-52,!
^.$9&-/2&!$(5!U2<4,,2A!"``]a0!
@+/4(6! /262(2/$&4-(! &'2/2! 49! $! 92X+2(&4$,! 2Q;/2994-(! -*!%?-94(! '2$F?! 3'$4(!
49-*-/%9! &'$&! /23$;4&+,$&29! &'2! ;$&&2/(! -*! 2Q;/2994-(! -<92/F25! 5+/4(6! %+93,2!
52F2,-;%2(&R! &'2! (2-($&$,! 49-*-/%! ^(2-($&$,! 8?tZa! $;;2$/9! $&! 5$?! PON! -*!
/262(2/$&4-(! $(5! 49! &'2! ;/25-%4($(&! 49-*-/%! +(&4,! 5$?! V! $*&2/! 4(E+/?! G'2(! 4&! 49!
/2;,$325!<?!&'2!$5+,&!*$9&!$(5p-/!9,-G!49-*-/%9!^y'$,2(!2&!$,0A!"``La0!1'2/2*-/2A!G2!
+925!(2-($&$,!8?tZ!$9!$!%$/)2/!-*!/232(&!/262(2/$&4-(!2F2(&9!&-!452(&4*?!^F!0)5*#A17
^aA! $(5! &'2(! X+$(&4*?! ^F!0)5*# AQ7^aA! &'2! ;2/32(&$62! -*! %+93,2! *4<2/9! &'$&! G2/2!
+(52/6-4(6!$3&4F2!/262(2/$&4-(A!<2&G22(!N!&-!KN!G22)9!-*!$62A!4(!&'2!17A!S@IA!U-,2+9!
$(5!B$9&/-3(2%4+9!%+93,29Y! &'2! 5$&$! *-/! &'2! 6$9&/-3(2%4+9! $/2! (-&! 9'-G(! $9! &'2!
(+%<2/! -*! (2-($&$,! 8?tZq! *4<2/9! -*! &'2! &G-! %-52,9! 545! (-&! 9'-G! 946(4*43$(&!
54**2/2(329!-F2/!&'2!&4%2!3-+/92!$($,?9250!Z-%;$/49-(!-*!&'2!(+%<2/!-*!*4<2/9!G'43'!
G2/2!(2-($&$,O8?tZq!<2&G22(!&'2!./01>34156>+,(>!$(5!,(-!%432!;/-F4525!$!%+3'!
%-/2! /2*4(25!$($,?949!-*!-(6-4(6! /262(2/$&4-(! &'$(! &'2!X+$(&4*43$&4-(!-*!ZW! *4<2/9A!
G'43'!5-29!(-&!64F2!$(?!4(*-/%$&4-(!-*!G'2(!/262(2/$&4-(!-33+//25A!$(5!$,,-G25!+9!
&-! 52%-(9&/$&2! &'$&! &'292! &G-! %-+92! 9&/$4(9! '$F2! $! 54**2/2(&! &4%2! 3-+/92! -*!
/262(2/$&4-(R! %+93,29! */-%! ./01>34156>+,(>! %432! '$F2! $! 946(4*43$(&,?! 2Q&2(525!
;2/4-5!-*! $3&4F2! /262(2/$&4-(! $9! 3-%;$/25! &-!,(-!%4320! #(! ;$/&43+,$/A! <2&G22(!"L!
$(5! "k! G22)9! -*! $62A! &'2! (+%<2/! -*! *4<2/9! 2Q;/2994(6! (2-($&$,! 8?tZ! G$9!
946(4*43$(&,?! '46'2/! 4(! ./01>34156>+,(>! $9! 3-%;$/25! &-! &'2! ,(-# %-52,A! G'43'!
/2$3'25!$!;2$)!$&!"K!G22)9!-*!$62!4(!$,,!-*!&'2!%+93,29!$($,?n250!1'2!U-,2+9!%+93,2!
-*! &'2!,(-!%-52,! 3,2$/,?! 9'-G9! 4(&2(92! /262(2/$&4-(!$&!2$/,?! &4%2!;-4(&9! ^N!$(5!k!
G22)9aA! (2-($&$,!8?tZ! <24(6! 2Q;/29925! 4(! $! 946(4*43$(&,?! '46'2/! (+%<2/! -*! *4<2/9!














$(! 4(3/2$925! 9+932;&4<4,4&?! &-! 3-(&/$3&4-(O4(5+325! *$&46+2A! G'43'! %$(4*29&9! $9! $!
;/-6/2994F2! 52*434&! 4(! 9;234*43! *-/32! 62(2/$&4-(! -F2/! 9+332994F2! ,2(6&'2(4(6!
3-(&/$3&4-(90! 1'49! *+(3&4-($,! $99$?! 49!G452,?! 3-(9452/25! &-! <2! &'2!%-9&!%2$(4(6*+,!
%2&'-5! &-! 2F$,+$&2! &'2!,(-!%+93,2! ;'2(-&?;2A! $(5! &'+9! &'2! 2**43$3?! -*! ;-&2(&4$,!
&'2/$;2+&43! 9&/$&26429! ^@2,,-/+99-! 2&! $,0A! KLL"a0! y2! 4(F29&46$&25! ;-&2(&4$,!




3-(&/-,! F$,+29! ^:! Ö! L0L]A! 5$&$! (-&! 9'-G(a0!8$Q4%$,! *-/32!G$9! &'2(! (-/%$,4n25! *-/!
%+93,2!G246'&!&-!$99299!9;234*43!*-/32!^F!0)5*#AY7XaA!G'43'!3,2$/,?!9'-G9!$!946(4*43$(&!




"``Pa0! y2! *-+(5! &'$&! &'2! 17! %+93,29! -*! <-&'! ,(-! $(5! ./01>34156>+,(>! %432!















+925!$9! $62O%$&3'25! 3-(&/-,90!@?9&/-;'43! $(5! 3-(&/-,!%+93,29!G2/2!$9929925! *-/! *-/32!52*434&!
*-,,-G4(6! $! 92/429! -*! `! ,2(6&'2(4(6! 3-(&/$3&4-(90! 1'2! 2Q&2(&! -*! *-/32! 5/-;! -F2/! 9+332994F2!






1'2! /2,$&4F2! 4%;-/&$(32! -*! &-&$,! ^2(5-%?94$,! ;,+9! ;2/4%?94$,a! 3-((23&4F2!
&499+2!'$9!<22(!X+$(&4*425!4(!&'2!54$;'/$6%!%+93,2!-*!,(-A!./01>34156>+,(>E#./01>
34156>A! $(5!<9! <?!%2$9+/4(6! &'2! /2,$&4F2!$/2$! 9&$4(25!<?! U4/4+9!i250! 1'2!$%-+(&!-*!
&-&$,! 3-((23&4F2! &499+2! 4(! 3-(&/-,!%+93,29! */-%!<9! $(5!./01>34156>#$(4%$,9!G2/2!$&!
%4(4%+%! ,2F2,9! ^"L! ~! -(! $F2/$62aA! G'43'! 49! 4(! $6/22%2(&! G4&'! G'$&! '$9! <22(!
;/2F4-+9,?!5293/4<25! ^7(5/22&&$!2&!$,0A!KLLka0!t-G2F2/A! 946(4*43$(&!54**2/2(329!G2/2!
-<92/F25! 4(! &'2! /2,$&4F2! $%-+(&!-*! 3-((23&4F2! &499+2!;/292(&! 4(! &'2!54$;'/$6%9!-*!




1-! 4(F29&46$&2! &'2! ;-&2(&4$,! /-,2! -*! &'2! 4%%+(2! 4(*4,&/$&2! 4(! -+/!
4%%+(-52*4342(&!%-52,A!G2!X+$(&4*425! &'2!(+%<2/9!-*! &'2! 4(*,$%%$&-/?! 32,,9! &'$&!
$/2! 9&4,,! ;/292(&! 4(! &'49! %-52,! ^4020! (2+&/-;'4,9! $(5! %$3/-;'$629a! G4&'4(! %+93,2!
923&4-(! -*! &'2! 170! 1'2! /29+,&9! G2/2! &'2(! (-/%$,4925! <?! &'2! %+93,2! $/2$! $(5! $/2!
! V`!
9'-G(!4(!F!0)5*#AOA!^#$(5!@0!./01>34156>+,(>#$(4%$,9!9'-G!$!;2$)!-*!(2+&/-;'4,9!$&!
"L!G22)9! ^F!0)5*# AO7^A!:# Ö! L0L"aA! 2Q$3&,?! $&! &'2! &4%2!G'2(! &'2! /262(2/$&4-(! <-+&!
9&$/&9!^*/-%!"L!&-!"k!G22)9!-*!$62aA!G'4,2!&'2!(+%<2/!-*!%$3/-;'$629!^F!0)5*#AO7@a!
9'-G9! $! 9,46'&! 4(3/2$92! $&! "L! $(5! "k! G22)9! -*! $62A! $,&'-+6'! (-&! 9&$&49&43$,,?!
946(4*43$(&0!
!
;2*18(. HQ. I. !$3'B-2-. %6. 6258%-2-. )(C%-2,2%$. %$. )23CD83*+Y. 3$). a13$,262"3,2%$. %6. 2++1$(.
2$62',83,(.2$,%.,2523'2-.3$,(82%8.+1-"'(.
@4$;'/$6%!%+93,2!923&4-(9!-*!NL!G22)9!-,5!./01>34156>+,(>!$(5!,(-#%432!G2/2!9&$4(25!G4&'!
U4/4+9! i25! &-! 2F$,+$&2! &'2! *4</-949! 52;-94&4-(A!%+93,29! */-%!<9# $(5!./01>34156># $(4%$,9!G2/2!
+925! $9! $62O%$&3'25! 3-(&/-,90! 1'2! &-&$,! $%-+(&! -*! 3-((23&4F2! &499+2! ^2(5-%?94$,! ;,+9!
;2/?%494$,a! 49! 2Q;/29925! $9! ;2/32(&$62! -*! &'2! &-&$,! %+93,2! $/2$! ^!a0! S//-/! <$/9! $/2! 9'-G(! $9!
%2$(!Ü!US8!^(!á!ka0!"!:#Ö!L0L]A!ààà!-/!äää!:#Ö!L0LL"!3-%;$/25!&-!./01>34156>#$(5!<9#3-(&/-,9Y!
(-! 946(4*43$(&! 54**2/2(32! <2&G22(! ./01>34156># $(5! <90! 1'2! (+%<2/! -*! (2+&/-;'4,9! $(5!
%$3/-;'$629!G$9!X+$(&4*425!4(!&'2!17!-*!./01>34156>+,(>!%4320!#%%+(-52*4342(&!%432!;/292(&!







1'49! (2G!./01>34156>+,(>!%-52,! /2;/292(&9! $!+(4X+2!-;;-/&+(4&?! &-! $99299!
&'2! /262(2/$&4F2! 3$;$34&?! -*! '+%$(!%?-62(43! 32,,9! 4(! 9&$<,2! 4%%+(-52*4342(&! $(5!
5?9&/-;'43! 2(F4/-(%2(&A! G'2&'2/! &'292! $/2! 6%"/# ;!(*! 9$&2,,4&2! 32,,9! -/! -&'2/!
%?-62(43! 9&2%! 32,,90! #(! -/52/! &-! $99299! &'49! ;-994<4,4&?A! G2! 4(F29&46$&25! &'2! 6/$*&!
2**4342(3?!-*!'+%$(!%?-<,$9&9!$*&2/!4(&/$!%+93+,$/!4(E23&4-(9A!94(32!9$&2,,4&2!32,,9!$/2!
(-&! 3$;$<,2!-*!2Q&/$F$9$&4-(! */-%!<,--5!F2992,9!$(5! &'2/2*-/2!3$((-&!<2!52,4F2/25!
9?9&2%43$,,?A! $9! $! ;/--*! -*! 3-(32;&! -*! $99299%2(&! -*! &'2! %?-62(43! ;-&2(&4$,! $(5!
/262(2/$&4F2!3$;$34&?!-*!'+%$(!;/23+/9-/9!!"#$!$%0!y2!&29&25!&G-!549&4(3&!94&+$&4-(9R!
G2!4(E23&25!54/23&,?!4(&-!&'2!17!%+93,2!&-!&29&!&'2!;$/&434;$&4-(!-*!'+%$(!%?-<,$9&9!
4(! $! 5?9&/-;'43! 3-(&2Q&! 3'$/$3&2/4n25! <?! -(6-4(6! 5262(2/$&4-(O/262(2/$&4-(! 3?3,29!
G4&'-+&! $554&4-($,! ,294-(A! -/! G2! 4(E23&25! 32,,9! E+9&! $*&2/! &'2! $;;,43$&4-(! -*!
3/?-5$%$62!&-!4(3/2$92!&'2!$%-+(&!-*!5262(2/$&4-(O/262(2/$&4-(!4(!&'2!'-9&!&499+2!
$&!&'2!&4%2!-*!4%;,$(&$&4-(A!&'+9!$%;,4*?4(6!&'2!;-&2(&4$,!/29+,&9!$(5!*$34,4&$&4(6!&'2!
X+$(&4*43$&4-(! -*! &'2! /262(2/$&4F2! 3$;$34&?! G'4,2! 9&4,,! <24(6! G4&'4(! $! 5?9&/-;'43!
2(F4/-(%2(&0! #%%+(-'49&-3'2%43$,! $($,?949! -*! ./01>34156>+,(>! 17! %+93,29!
4%;,$(&25!G4&'! '+%$(!%?-<,$9&9!G$9! ;2/*-/%25! +94(6! '+%$(! 9;234*43! $(&4<-5429A!
$(5! /2F2$,25! &'$&! &/$(9;,$(&25! %+93,29A! 24&'2/! 3/?-5$%$625! -/! (-&A! 3-(&$4(25!
5-(-/O52/4F25! '+%$(! 32,,9A! G4&'! &'2! ;/292(32! -*! %$&+/2! *4</29! 3-(&$4(4(6! '+%$(!
;/-&24(! ^9;23&/4(a! N! G22)9! ;-9&O4(E23&4-(! ^F!0)5*# AUa0! SF2(! 4*! 4%%+(-3?&-3'2%43$,!
$($,?949! /2F2$,25! $! '46'2/! (+%<2/! -*! '+%$(! 9;23&/4(q! *4</29! 4(! 179! 4(E23&25! $*&2/!
3/?-5$%$62! 4(5+3&4-(A! G'43'! 49! &-! <2! 2Q;23&25! 94(32! &'49! ;/-325+/2! 4(3/2$929! &'2!





;2*18(.HS.I.`8%%6.%6. "%$"(C,.%6.D1+3$.+B%5'3-,. ,83$-C'3$,3,2%$. 2$,%. ,D(. ,2523'2-.3$,(82%8.%6.
!"#$%&'$()%*+,%.+2"(.
t+%$(!%?-<,$9&9! 3-(&/4<+&25! &-! &'2! 62(2/$&4-(!-*! (2G!%+93,2! *4</29! *-,,-G4(6! 4(E23&4-(! 4(&-!
179! -*! ./01>34156>+,(>! %4320! U;23&/4(! $(&4<-5?! ^6/22(a! 49! +925! &-! 452(&4*?! '+%$(! 9;234*43!
%+93,2!*4</290!t+%$(!(+3,24!$/2!452(&4*425!G4&'!$!'+%$(O9;234*43!,$%4(!7pZ!9&$4(4(6!^/25A!G'4&2!
$//-G9! 4(!%455,2! ;$(2,a! $%-(6! $,,! (+3,24! ^'-23'9&A! <,+2aA! $(5! $/2! *-+(5! 24&'2/!G4&'4(! '+%$(!






$(5! ,$%4(! 7pZA! $! (+3,2$/! 9;234*43! ;/-&24(! 2Q;/29925! 4(! %-9&! &499+29A! 4(! -/52/! &-!
452(&4*?! '+%$(! *4<2/9! $(5! '+%$(! (+3,24! ^F!0)5*# AU# $(5# A]7Xa0! y2! &'2(! 52&23&25!
*4<2/9! 2Q;/2994(6! 5?9&/-;'4(! G4&'! '+%$(! 9;234*43! $(&4<-5429! 87W@}U! "LK! $(5!
87W@}U!"Lk!^F!0)5*#A]7Xa0!7,,!5?9&/-;'4(q! *4<2/9!G2/2!$,9-!;-94&4F2! *-/!9;23&/4(A!$9!
2Q;23&25!94(32!9;23&/4(! 49!%-/2!2$94,?!52&23&25! 4(! &'49! &?;2!-*!Q2(-&/$(9;,$(&$&4-(A!
G'2&'2/!<23$+92!4&!49!2Q;/29925!<2*-/2!5?9&/-;'4(!-/!%-/2!;/-<$<,?!5+2!&-!$(&4<-5?!
2**4342(3?! &-! 52&23&! &'24/! 2;4&-;29! ^Z--;2/! 2&! $,0A! KLLPa0! 1-! *+/&'2/! $99299! &'2!
2Q;/2994-(! -*! '+%$(! 5?9&/-;'4(! $(5! 4&9! *+(3&4-(A! G2! $,9-! 4(F29&46$&25! &'2! 3-//23&!







t+%$(! *4<2/9A! 452(&4*425!<?!'+%$(O9;234*43!$(&4<-5429!$6$4(9&!U;23&/4(!$(5!I$%4(!7pZ! ^6/22(aA!
G2/2!$,9-!;-94&4F2! *-/!'+%$(!5?9&/-;'4(! ^/25A!!a0!t+%$(!5?9&/-;'4(q! *4<2/9! 3-,-3$,4n2!G4&'!|O
5?9&/-6,?3$(! ^+;;2/! /-GA! Na0! t+%$(! (+3,24! $/2! 452(&4*425! G4&'! $! '+%$(O9;234*43! ,$%4(! 7pZ!
9&$4(4(6! ^%455,2! ;$(2,A! +;;2/! /-GA!Na0!@?9&/-;'4(! $(5!|O5?9&/-6,?3$(! $/2! 9&$4(25!G4&'!'+%$(!
9;234*43!$(&4<-54290!#(!&'2!,-G2/!/-G!49!9'-G(!&'2!3-,-3$,4n$&4-(!-*!5?9&/-;'4(!$(5!|O9$/3-6,?3$(!
4(! '+%$(! 5?9&/-;'4(q! *4<2/90! t+%$(! (+3,24! $/2! 452(&4*425! G4&'! $! '+%$(O9;234*43! ,$%4(! 7pZ!
9&$4(4(6! ^%455,2! ;$(2,a0! 1'2! 3-,-3$,4n$&4-(! -*! 5?9&/-;'4(! $(5! |O! 9$/3-6,?3$(! G$9! 52&2/%4(25!
+94(6! '+%$(! 9;234*43! $(&4<-54290! 7,,! (+3,24! G2/2! 3-+(&2/9&$4(25! +94(6! t-23'9&! ^<,+2a0!
8$6(4*43$&4-(!QkL!4(!!A!Q"LL!4(!N>.
1B 3"# $!$%# (*4!$*5=# %;# G),/"# ,=%64/&9&# *,6*((*(# !"# /# :G%9%7
:%4=,*5!d/64*#G=(5%0*4#
1'2!4%;/-F2%2(&!-*!32,,!&/$(9;,$(&$&4-(!<?!<4-3-%;$&4<,2!%$&/4329!49!9&4,,!$(!
2%2/64(6! *42,5A! $(5! &'2! ;-94&4F2! /29+,&9! 9'-G(! <?! &'2! ,$<! -*! I4<2/-! H4&42,,-! $(5!
3-,,$<-/$&-/9! ^i-994! 2&! $,0A! KL""a! /2F2$,25! $! ;/-%494(6! 3-%;-+(5! 3$;$<,2! -*!
2('$(34(6!%+93,2! /23-(9&/+3&4-(! <?! 32,,! &/$(9;,$(&$&4-(0!y2!G$(&25! &-! $99299! &'2!
2**4342(3?!-*!&'49!(-F2,!&?;2!-*!<4-%4%2&43!93$**-,5A!$!;'-&-O;-,?%2/4n$<,2!'?5/-62,!
;/2;$/25! */-%! '?$,+/-(43! $345A! $9! $! &--,! &-! 52,4F2/! $! %-/2! 3-%;,2Q! &'2/$;2+&43!
;/-5+3&! &'$&! %$?! 4(3/2$92! 4&9! /262(2/$&4F2! ;-&2(&4$,! 4(! $! 5?9&/-;'43! 3-(&2Q&0! y2!
! MP!
;/-;-925! &-! +92! 4(4&4$,,?! '+%$(! 9$&2,,4&2! 32,,9! &'$&! G2/2! $F$4,$<,2! $(5! $,/2$5?!
$9929925! *-/! &'24/! /262(2/$&4F2! ;-&2(&4$,! 4(! 94%;,2! 4(&/$O%+93+,$/! 4(E23&4-(A! $(5!
4%;,$(&25! &'2%! 4(! '?5/-62,! 4(&-! 5?9&/-;'43! $(5! 9)2,2&$,! %+93,20! 1'2! 2Q;2/4%2(&9!
'$F2!<22(!3$//425!-+&!4(!&'2!4%%+(-52*4342(&!./01>34156>+,(>A!<?!54/23&!4(E23&4-(!-*!
&'2!'+%$(!%?-<,$9&9!9+9;2(525!4(!'?5/-62,!4(&-!24&'2/!3/?-5$%$625!-/!+(5$%$625!
%+93,290! 1'2! $4%! G$9! &-! 52&2/%4(2! &'2! 2**4342(3?! -*! &'49! $;;/-$3'! 4(! &2/%9! -*!
5?9&/-;'4(!/29&-/$&4-(!$(5!/2;,2(49'%2(&!-*!&'2!9$&2,,4&2!(43'2!4(!/234;42(&!%+93,290!
#(E23&25! %+93,2! G2/2! $($,?n25! N! G22)9! ;-9&O&/$(9;,$(&$&4-(! &-! 52&23&!
'+%$(O9;234*43!;/-&24(!9+3'!$9!U;23&/4(!-/!I$%4(!7pZ0!_(*-/&+($&2,?!4%%+(-9&$4(4(6!





U23&4-(9! */-%! &/$(9;,$(&25!%+93,29!G2/2! 9&$4(25!G4&'! ,$%4(4(! ^/25a! &-! 452(&4*?!%+93,2! *4<2/9A!




3-(54&4-(9! $;;,425A! G4&'pG4&'-+&! 3/?-5$%$62A! -/! G4&'pG4&'-+&! '?5/-62,0! U4(32! G2!
545!(-&!52&23&!$(?!'+%$(!32,,9!2F2(! 4(!&'2!3-(&/-,!94&+$&4-(A! 4020!32,,9!9+9;2(525! 4(!





QB @%7!"N*'9!%"# %;# G),/"# ,=%64/&9&# <!9G# :5%7# %5# /"9!7!";4/,,/9%5=#
,/'5%:G/0*&#9%#!,:5%$*#95/"&:4/"9/9!%"#*;;!'/'=#
!
y2! &'2(! 4(F29&46$&25! &'2! !"# $!$%# 4(*,+2(32! -*! ;/-O! -/! $(&4O4(*,$%%$&-/?!
%$3/-;'$629!-(!&'2!&/$(9;,$(&$&4-(!2**4342(3?!-*!'+%$(!%?-<,$9&90!1'2!/$&4-($,2!*-/!
&'292! 2Q;2/4%2(&9! G$9! <$925! -(! ^"a! &'2! !"# $!95%# 52%-(9&/$&4-(! &'$&! ;/-O
4(*,$%%$&-/?! %$3/-;'$629! 9&4%+,$&2! %?-<,$9&! ;/-,4*2/$&4-(! G'4,2! 9,-G4(6! &'24/!
54**2/2(&4$&4-(!^7/(-,5!2&!$,0A!KLLVaA!$(5!^Ka!&'$&!;/-O!$(5!$(&4O4(*,$%%$&-/?!8.9!$/2!
;/292(&! $&! 549&4(3&! &4%29! 5+/4(6! %+93,2! /262(2/$&4-(! 4(! &'2! %-+92! ^145<$,,! $(5!
H4,,$,&$A!KL"La0!
y2! *4/9&,?! 2Q$%4(25! &'2! 4(*,+2(32! -*! &'292! &G-! 9+<;-;+,$&4-(9! -*!
%$3/-;'$629! -(! &'2! <2'$F4-+/! -*! '+%$(! %?-<,$9&9! 4%;,$(&25! 4(&-! /262(2/$&4(6!
%+93,29! -*! $(! 4%%+(-52*4342(&! %-52,A! &'2! ./01>?@># %-+920! 7&! N! G22)9! ;-9&O
&/$(9;,$(&$&4-(A! 3-O4(E23&4-(! -*! '+%$(! %?-<,$9&9! G4&'! '+%$(! ;/-O4(*,$%%$&-/?!
%$3/-;'$629!62(2/$&25!&G432!$9!%$(?!*4<2/9!2Q;/2994(6!'+%$(!9;23&/4(!$9!4(E23&4-(!
-*! %?-<,$9&9! $,-(2! -/! %?-<,$9&9! 3-O4(E23&25! G4&'! $(&4O4(*,$%%$&-/?! %$3/-;'$629!
^F!0)5*# APa0! D+/&'2/%-/2A! ;/-O4(*,$%%$&-/?!%$3/-;'$629! 4(3/2$925!<?! K0]O*-,5! &'2!
(+%<2/!-*!'+%$(!,$%4(!7pZ!;-94&4F2!(+3,24!52&23&25!4(!&'2!*4<2/9!^F!0)5*#APa0!y'2(!
%$3/-;'$629!G2/2!4(E23&25!$,-(2A!(-!,$<2,,4(6!-*!'+%$(!,$%4(!7pZ!G$9!52&23&25!$&!"!














'+%$(! %?-<,$9&9! G4&'! ]! ã! "L]! ;/-O4(*,$%%$&-/?! %$3/-;'$629! ^.iTa! -/! $(&4O4(*,$%%$&-/?!





#(! -/52/! &-! *+/&'2/! 4(F29&46$&2! &'292! 2**23&9! 4(! $! %+/4(2! %-52,! 3,-92/! &-!
5?9&/-;'43! 94&+$&4-(9A!G2!'$F2!;2/*-/%25! &'2! 9$%2!32,,! 4%;,$(&$&4-(9! 4(! &'2!./01>
34156>+,(>#%-+92A!G'43'!'$9!&'2!9$%2!4%%+(-52*4342(&!;'2(-&?;2!$9!&'2!./01>?@>#
%-52,0! y2! 3-(*4/%25! 4(! &'49! (2G! 4%%+(-52*4342(&! $(5! 5?9&/-;'43! %-52,! &'2!
2('$(32%2(&! -*! 2(6/$*&%2(&! -*! '+%$(! %?-<,$9&9! <?! &'2! ;/292(32! -*! ;/-O
4(*,$%%$&-/?! ^8"a!%$3/-;'$629! 4(!$!5?9&/-;'43!$(5!($&+/$,,?! /262(2/$&4(6!3-(&2Q&!
^F!0)5*#1J!z!/!$(5!'aA!529;4&2! &'2! *$3&! &'$&!9-%2! 4(*,$%%$&4-(! 49!$,G$?9!;/292(&! 4(!
5?9&/-;'43!94&+$&4-(90!7&!N!G22)9!;-9&O4%;,$(&$&4-(A!G2!-<92/F25!&'2!2Q;/2994-(!-*!
'+%$(! 5?9&/-;'4(! ^5$&$! (-&! 9'-G(aA! $9! 52&23&25! <?! '+%$(! 9;234*43! $(&4<-5429A! 4(!
*4<2/9! G'2/2! 24&'2/! '+%$(! (+3,24A! 452(&4*425! <?! '+%$(! 9;234*43! $(&4O,$%4(! 7pZA! -/!
'+%$(!;/-&24(9A!2060A!'+%$(!9;23&/4(A!G2/2!52&23&250!1'2!549;2/94-(!-*! &'2!'+%$(!
(+3,24! G$9! $,9-! 6/2$&,?! 2('$(325! <?! &'2! ;/292(32! -*! ;/-O4(*,$%%$&-/?! ^8"a!
! Mk!
%$3/-;'$629A! G'43'! 3-(*4/%25! G'$&! G2! '$5! -<92/F25! 4(! &'2! (-(O5?9&/-;'43!
4%%+(-52*4342(&!%-52,!./01>?@>0! 1'2! $/2$! 3-(&$4(4(6! '+%$(! (+3,24A! 452(&4*425! <?!
&'2!2Q;/2994-(!-*!'+%$(!,$%4(!7pZA!G$9! 4(3/2$925!<?!$!*$3&-/!-*!&G-!^F!0)5*#1J76a0!
t-G2F2/A!4&!9'-+,5!<2!(-&25!&'$&!&'2!32,,!549;2/94-(!-<&$4(25!4(!&'2!./01>34156>+,(>#


















1-! 4(F29&46$&2! G'2&'2/! 4&! G-+,5! <2! ;-994<,2! &-! 52F2,-;! $(! !"# $!$%! %-52,!




t+%$(! @8@! 32,,9! G2/2! 4(E23&25! 4(! .CU! 9+;;,2%2(&25! G4&'! KLs6! -*! .8TY!
*-,,-G4(6! 5-929! -*! .8T!G2/2! 64F2(! $&! 5$?! ]! ;-9&O4%;,$(&$&4-(A! 4(! -/52/! &-! &$/62&!
@8@!54**2/2(&4$&4(6!32,,9A!$(5!$&!"]!5$?9!;-9&O4(E23&4-(A!$!&4%2O;-4(&!G'2/2!G2!)(-G!

















$(5! ,$%4(!7pZ! ^6/22(a0!1'2!2Q;/2994-(!-*!5?9&/-;'4(!<?!@8@O52/4F25!%+93,2! *4<2/9!
G$9!52&23&25!+94(6!'+%$(!9;234*43!$(&4<-5429!87W@}U!"LK!$(5!87W@}U!"Lk!^F!0)5*#









1'2! *42,5! -*! &'2/$;2+&43! 9&/$&26429! *-/!%+93+,$/! 5?9&/-;'429! 4(3,+529! $! F2/?!
G452!F$/42&?!-*!$;;/-$3'29A!9+3'!$9!;'$/%$3-,-643$,!&'2/$;429A!62(2O&'2/$;?A!62(2O
9+/62/?A!%iW7! 3-//23&4-(!-/! 32,,! &/$(9;,$(&$&4-(0! 1'292!54**2/2(&! 9&/$&26429! zG'43'!
3$(!<2!+925!4(54F45+$,,?!-/!4(!3-%<4($&4-(z!$4%!$&!/2;,$34(6A!3-//23&!-/!/2;$4/!$!62(2!
-/!&/$(93/4;&A!-/!/29&-/4(6!$!%4994(6!;/-&24(A!2060!5?9&/-;'4(0!




^82(6! 2&! $,0A! KL""Y! W26/-(4! 2&! $,0A! KL""Y! 125293-! $(5! Z-99+A! KL"Ka! *-/! /2F42Ga!
2%;'$94n2! &'2! +/62(&! (225! &-! 52*4(2! $(! $(4%$,!%-52,! &-! $99299! $(5! X+$(&4*?! &'2!
%?-62(43!;-&2(&4$,!-*!'+%$(!;/23+/9-/9!32,,9!G4&'4(!$!5?9&/-;'43!2(F4/-(%2(&0!!
Z2,,O&'2/$;?! ;/2O3,4(43$,! 9&+5429! $/2! +9+$,,?! ,4%4&25! &-! 4(&/$%+93+,$/! -/!
9?9&2%43! 4(E23&4-(9! -*!%+/4(2! ^-/! 2F2(&+$,,?! 5-6a!%?-62(43! 9&2%! 32,,9! 4(! &'2! 9$%2!
$(4%$,!2(F4/-(%2(&A!<+&!F2/?!*2G!9&+5429!&$)2!4(&-!$33-+(&!&'2!9;234*434&?!-*!'+%$(!
32,,90! 79! $(! 2Q$%;,2! -*! 9+3'! 9;234*434&?A! G'4,2! %+/4(2! %?-<,$9&9! 9&-;! 54F454(6!
2992(&4$,,?! <?! $3&4F$&4(6! &'2! 9&/299! ;$&'G$?! 94(32! &'2?! 2Q;/299! 3-(9&4&+&4F2,?!
&2,-%2/$92A!'+%$(!%?-<,$9&9!;/292(&!$,9-!&2,-%2/2!9'-/&2(4(6A!$(5!<-&'!&'2!9&/299!
;$&'G$?! $(5! &2,-%2/29! 9'-/&2(4(6!%+9&! <2! 4('4<4&25! &-! <?;$99! ;/-,4*2/$&4F2! $//29&!
$(5! /2$3'! 4%%-/&$,4n$&4-(! ^8$%3'$-+4! 2&! $,0A! KL""Y! U$33-! 2&! $,0A! KL"La0! 3"# $!$%!
2F$,+$&4-(!-*! &'2/$;2+&43! $;;/-$3'29! 4(F-,F4(6!'+%$(! 32,,9!G4,,! (23299$/4,?! /2X+4/2!
&'2!+92!-*! 4%%+(-52*4342(&!$(4%$,!%-52,9A!3$;$<,2!-*!&-,2/$&4(6!Q2(-6/$*&90!U-!*$/A!
&'/22! 5?9&/-;'43! 4%%+(-52*4342(&! %-+92! %-52,9! '$F2! <22(! 5293/4<25R! &'2!
")(*I,(-!^8-/6$(!2&!$,0A!"``PY!8-//49-(!2&!$,0A!KLLLaA!&'2!&'!(I,(-!^1-//2(&2!2&!$,0A!
KLLNa! %-52,9A! <-&'! ,$3)4(6! 5?9&/-;'4(0! 1'24/! 4%%+(-52*4342(&! ;'2(-&?;2! 49! -(,?!
;$/&4$,A! 94(32! &'2!62(2&43!%+&$&4-(9!'$/<-+/25!<?! &'292! &G-!%-+92!%-52,9!5-!(-&!
$**23&!&'2!W[O32,,!$3&4F4&?!^Z,$/)!2&!$,0A!"`M"Y!@-/9')4(5!2&!$,0A!"`M]aA!G'43'!&+/(25!-+&!
! `L!
&-! <2! F2/?! 4%;-/&$(&! 4(! &2/%9! -*! &/$(9;,$(&$&4-(! 2**4342(3?! ^U4,F$OC$/<-9$! 2&! $,0A!
KLL]aA!$(5!3-+,5!/29+,&!4(!32,,!52$&'!-*!&'2!6/$*&25!32,,90!
i232(&,?A! $(! $554&4-($,! %-52,! '$9! <22(! 62(2/$&25A! &'2# ./01I,(-! %-+92A!
G'43'!G$9!-<&$4(25!<?! 3/-994(6!./01>!%432!G4&'!,(-# ^B-,+%<2)!2&! $,0A! KLLV<a0! #(!
&'49!%-52,!&'2!4%%+(-52*4342(&!;'2(-&?;2!49!4(3-%;,2&2A!94(32!&'2!./01>I>!%+&$&4-(!
5-29! (-&! $**23&! &'2! W[! 32,,! $3&4F4&?! ^U'4()$4! 2&! $,0A! "``Ka0! #(! $554&4-(A! -+/! 6/-+;!
$,/2$5?! 9'-G25! &'$&! ./01>I>! %432! $/2! (-&! -;&4%$,! /234;42(&9! *-/! '+%$(!%?-<,$9&!
&/$(9;,$(&$&4-(! ^U4,F$OC$/<-9$! 2&! $,0A! KLL]a0! C294529A! <24(6! <$925! -(&-! &'2! ,(-!
<$3)6/-+(5A!$,,!&'292!%-52,9!;/292(&!/2F2/&$(&!*4<2/9!^@$()-!2&!$,0A!"``KaA!G'43'!3$(!
<4$9!&'2!/2$5-+&!<$925!-(!5?9&/-;'4(!2Q;/2994(6!*4</290!
#(! &'2! ;/292(&! 9&+5?! G2! /2;-/&! &'2! 3'$/$3&2/4n$&4-(! -*! $! (2G,?! 52F2,-;25!
./01>34156>+,(>! 4%%+(-52*4342(&! %-+92! %-52,A! G'43'! ,$3)9! COA! 1OA! $(5! W[O32,,9!
^[+G$E4%$! 2&! $,0A! KLLkaA! $(5! G'-92! 5?9&/-;'43! ;'2(-&?;2! 49! 64F2(! <?! &'2! (2G!
+,(,(-780*%!$,,2,2!^y2/&n!$(5!D+3'&<$+2/A!"``MaA!G'43'!$**23&9!$,,!)(-G(!5?9&/-;'4(!




AB aG*# ./01>34156>+,(># ,%)&*H# /# "%$*4# ,%(*4# 9%# /&&*&&# '*447# /"(#
0*"*79G*5/:=#&95/9*0!*&#;%5#,)&')4/5#(=&95%:G!*&#
!
7,&-62&'2/! -+/! 5$&$! 3,2$/,?! 52%-(9&/$&2! &'$&! &'2! ./01>34156>+,(>! %-+92!
%-52,!'$9!$!3'$/$3&2/49&43!5?9&/-;'43!;'2(-&?;20!1'49!G$9!3-(*4/%25!<?!$!92/429!-*!
$($,?929R!G2! 3-(*4/%25! &'2! 3-%;,2&2! $<92(32! -*! 5?9&/-;'4(A!G'43'! 4(! &+/(! 3$+925!
&'2! 52*4342(3?! -*! |O5?9&/-6,?3$(! ^F!0)5*# AQ7XaA! |O9$/3-6,?3$(! $(5! O9$/3-6,?3$(!
;/-&24(9!^5$&$!(-&!9'-G(aY!%-/2!4%;-/&$(&,?A!G2!(2F2/!52&23&25!$(?!/2F2/&$(&!*4<2/9!
4(!%+93,29!*/-%!./01>34156>+,(>!%432A!3-(*4/%4(6!&'$&!&'2!+,(,(-780*%#$,,2,2A!G'43'!
3$+929! &'2! 5?9&/-;'4(! 52*4342(3?! 4(! &'49! %-+92! %-52,A! 3-%;,2&2,?! <,-3)9! &'2!
;/-5+3&4-(!-*!$(?!5?9&/-;'4(!49-*-/%9A!4(!3-(&/$9&!&-!G'$&!49!3,$9943$,,?!)(-G(!*-/!&'2!
! `"!
,(-! %+&$&4-(A! G'43'! 3$(! 64F2! /492! &-! 3,+9&2/9! -*! /2F2/&$(&! *4<2/9A! G'-92! (+%<2/!
4(3/2$929!G4&'!$62!^@$()-!2&!$,0A!"``Ka0!1'2!$<92(32!-*!/2F2/&$(&!*4<2/9!&+/(9!-+&!&-!
<2!$! F2/?! 4%;-/&$(&! *$3&-/!G'2(!2F$,+$&4(6! &'2!2**43$3?!-*! &'2/$;2+&43! $;;/-$3'29!
9+3'! $9! ;'$/%$3-,-643$,OA! 32,,O! -/! 62(2O&'2/$;?R! &'24/! ;/292(32! 3$(! '4(52/! &'2!
5493/4%4($&4-(! -*! &'2! 5?9&/-;'4(q! *4<2/9A! $9!G2! 5-! (-&! )(-G! 4*! &'2?! /2$3X+4/25! &'2!
2Q;/2994-(!-*!5?9&/-;'4(!<23$+92!-*!$!=/2F2/&$(&>!;'2(-&?;2!-/!5+2!&-!&'2!&'2/$;?!
&'$&!'$9!<22(!$99299250!U+3'!$!54**43+,&?!3$(!<2!4,,+9&/$&25!<?!&'2!;4-(22/!9&+5429!-*!
<-(2O%$//-G!52/4F25!%?-62(43! 32,,9A!G'43'! &+/(25!-+&! &-!<2!(-&!%-/2!2**4342(&! 4(!
/29&-/4(6!5?9&/-;'4(!&'$(!&'2!($&+/$,!/2F2/&$(32!^D2//$/4!2&!$,0A!KLL"a0!
1'2!3-%;2(9$&-/?!'?;2/&/-;'?!5293/4<25!4(!&'2!,(-!%-52,!G$9!$,9-!*-+(5!4(!
./01>34156>+,(>!%432A!G4&'! <-5?! $(5!%+93,2!G246'&9! ^F!0)5*# AJ! $(5!a/64*# Ya! &'$&!






3-(&/-,9A! 3,2$/,?! 4(543$&4(6! $! %2%</$(2! ,2$)$62! 5+2! &-! 5?9&/-;'4(! 52*4342(3?0!
t-G2F2/! &'2! &G-!%-52,9! 922%! &-! '$F2! $! 54**2/2(&! )4(2&439! -*!%2%</$(2! ,2$)$62A!
94(32!&'2!./01>34156>+,(>!%432!9'-G25!$!52,$?25!2,2F$&4-(!$9!3-%;$/25!&-!&'2!,(-A!
G'43'! 3-//2,$&29! &-! &'2! 52,$?! 4(! &'2! 5262(2/$&4-(p/262(2/$&4-(! ;/-3299! 4(! &'2!
9)2,2&$,!%+93,2A!$9!5493+9925!<2,-G0!
!7!3/+34$,!;-4(&!*-/!$992994(6!&'2!/262(2/$&4F2!3$;$34&?!-*!'+%$(!;/-62(4&-/9!
49! &-!)(-G!;/23492,?! &'2!($&+/$,!)4(2&439!-*! /262(2/$&4-(!-*! &'2!'-9&0!y2!X+$(&4*425!
&'49! ;$/$%2&2/! <?! 3-+(&4(6! &'2! (+%<2/! -*! 32(&/$,,?! (+3,2$&25! ^ZWa! *4<2/9! $(5! &'2!
(+%<2/! -*! (2-($&$,!8?tZq! *4<2/9! ^F!0)5*# AQ7X! $(5!^a0! #(! <-&'!%-+92!%-52,9A! &'2!
;2/32(&$62!-*!*4<2/9!G4&'!(-(O;2/4;'2/$,!(+3,24!;/-6/2994F2,?!4(3/2$929!-F2/!&4%2A!$9!
$! /29+,&! -*! $&! ,2$9&! -(2! 5262(2/$&4-(O/262(2/$&4-(! 3?3,2A! $(5! /2$3'29! $! ;,$&2$+!
$/-+(5!KN!G22)9A!<2?-(5!G'43'!*+/&'2/!2F2(&9!-*!/262(2/$&4-(!$/2!(-&!52&23&$<,2A!4(!






3-%;$/25! &-! &'2!,(-! %-52,A! $9! 9'-G(! 4(! F!0)5*# AQ7^0! 1'49!%2$(9! $! kOG22)! ,-(6!
;2/4-5!-*!4(&2(94F2!/262(2/$&4-(A!$9!-;;-925!&-!G'$&!49!3-%%-(,?!)(-G(!$<-+&!&'2!
,(-! %-+92A! 4020! $! 9'-/&2/! $(5! 2$/,42/! KOG22)! ,-(6! 4(&2/F$,! ^.$9&-/2&! $(5! U2<4,,2A!
"``]a0!t-G2F2/A! 4&! 9'-+,5!<2!(-&25! &'$&!-+/!$($,?929!3-(*4/%25! &'49!'46'2/! /$&2!-*!
%+93,2! /2(2G$,! 4(!,(-! -(,?! 4(! &'2! 9-,2+9! %+93,20! 1'49! G452/! G4(5-G! -*! 4(&2(92!
/262(2/$&4-(! 3-+,5! <2! 5+2! &-! &'2! ($&+/2! -*! &'2! 62(2&43! %+&$&4-(! +(52/,?4(6! &'2!







./01>?@>#%432A!G'43'! $,9-! ,$3)! 1A! C! $(5!W[! 32,,9A! $9! /234;42(&9! *-/! 4%;,$(&$&4-(! -*!






&'2!,(-!%-+92! 49!$!;'?94-,-643$,!52*434&R! &'2#,(-!%-+92!'$9!$! /25+325!3$;$34&?! &-!
;/-5+32!9;234*43!*-/32A!$(5!$(!4(3/2$925!*-/32!52*434&!*-,,-G4(6!%+,&4;,2!3-(&/$3&4-(90!
y'2(! G2! &29&25! &'292! &G-! ;$/$%2&2/9! 4(! ./01>34156>+,(>! %432A! $9! 3-%;$/25! &-!
,(-A! G2! -<92/F25! &'$&! &'2! &G-! 5?9&/-;'43! %-52,9! ;/292(&! F2/?! 94%4,$/! 52*434&9! 4(!
*-/32A! $9! 9'-G(! 4(! F!0)5*# AY0! 1'2! 4%%+(-52*4342(&! <$3)6/-+(5! 5-29! (-&! 922%! &-!
%-54*?! &'49! ;-&2(&4$,! /2$5-+&! -*! &'2! 5?9&/-;'43! ;'2(-&?;2A! $&! ,2$9&! 4(! $! 946(4*43$(&!
%$((2/A!G'43'! 49! 4%;-/&$(&! &-! $99299! &'2/$;2+&43! 9&/$&264290!8-/2-F2/A! &'2! /29+,&9!
-<&$4(25! -(! &'49! (2G! 4%%+(-52*4342(&! $(5! 5?9&/-;'43!%-52,! 3$(! <2! 3-%;$/25! &-!
G'$&!'$9!$,/2$5?!<22(!5293/4<25!4(!9&+5429!$992994(6!&'2/$;2+&43!-;&4-(9!4(!,(-0!
! `P!
T(2! 4%;-/&$(&! *2$&+/2! 4(! &'2! 2F-,+&4-(! -*! &'2! 5?9&/-;'43! 9?%;&-%9! 4(!
;$&42(&9! 49! &'2! 52F2,-;%2(&! -*! *4</-949A! G'43'! 3$(! '$%;2/! &'2! 9+33299! -*! 32,,O! -/!






-*! *4</-949! 4(! &'2!54$;'/$6%!%+93,2A!G'43'!G$9!3'-92(!$9!$!)(-G(!'$,,%$/)!-*! &'2!






&'2!,(-A! G'-92! ;2$)! -*! /262(2/$&4-(! 9&$/&9! $/-+(5! N! G22)9! -*! $620! 1'49! /29+,&!
9+6629&9! &'$&! CA! 1! -/! W[! 32,,9! 5-! (-&! ;,$?! $(! 2992(&4$,! /-,2! 4(! &'2! 52F2,-;%2(&! -*!
*4</-949! 4(!&'292!5?9&/-;'43!%-52,90!8-/2-F2/A! 4&!3-(*4/%9!&'$&!&'2!./01>34156>+,(>!
%-52,! 3$(! <2! +925! $9! $(! 2Q;2/4%2(&$,! /234;42(&! &-! $99299! 4(&2/F2(&4-(9! $4%4(6! $&!
52,$?4(6!-/!3-//23&4(6!*4</-949!$(5!+94(6!'+%$(!32,,90!
1-! 4(F29&46$&2! &'2! ;-&2(&4$,! /-,2! -*! &'2! 4(*,$%%$&-/?! 4(*4,&/$&2! 4(! -+/!
4%%+(-52*4342(&!%-52,A!G2!X+$(&4*425! &'2!(+%<2/9!-*! &'2! 4(*,$%%$&-/?! 32,,9! &'$&!
$/2! 9&4,,! ;/292(&! 4(! &'49! %-52,! ^4020! (2+&/-;'4,9! $(5! %$3/-;'$629a! G4&'4(! %+93,2!
923&4-(9!-*!&'2!17!%+93,2A!$(5!&'2!/29+,&9!G2/2!&'2(!(-/%$,4925!&-!&'2!%+93,2!$/2$0!
1'2!;2$)!-*! (2+&/-;'4,9! $;;2$/4(6! $&! "L!G22)9!-F2/,$;9!G4&'! &'2!<264((4(6!-*! &'2!
/262(2/$&4-(!;/-3299A!G'43'!,$9&9!*/-%!"L!&-!"k!G22)90!1'49!3$(!<2!2Q;,$4(25!<?!&'2!
%$994F2! $%-+(&! -*! 6/$(+,-3?&29! ^$(5! $%-(6! &'2%! (2+&/-;'4,9a! &'$&! 4(*4,&/$&2! 4(&-!
&'2! 5492$925! %+93,2! 5+/4(6! &'2! 5262(2/$&4-(! $(5! (23/-949! -*! 5?9&/-;'43! %+93,2!





1'2! (+%<2/! -*! %$3/-;'$629! 49! %-/2! 9&$<,2! -F2/! &'2! G22)9! ^F!0)5*# AO7@aA!
$,&'-+6'!4&!9'-G9!&G-!9,46'&!4(3/2$929!$&!"L!$(5!"k!G22)9A!G'43'A!'-G2F2/A!$/2!(-&!
9&$&49&43$,,?!946(4*43$(&0!1'49!&/2(5!3-+,5!<2!2Q;,$4(25!<?!&'2!;/292(32!-*!&G-!549&4(3&!
;-;+,$&4-(9!-*!%$3/-;'$629! &'$&! 4(*4,&/$&2! &'2!5?9&/-;'43!%+93,2A!G'43'!'$F2!<22(!
5293/4<25!<?!7/(-,5!*9#/4B! ^7/(-,5!2&!$,0A!KLLVaA!$(5!G'-92!;-&2(&4$,! /-,2! 4(!%+93,2!
/262(2/$&4-(!'$9!<22(!/232(&,?!5293/4<25!^C2(3n2!2&!$,0A!KL"Ka0!1'2!*4/9&!G$F2!-*!;/-O
4(*,$%%$&-/?!^-/!8"a!%$3/-;'$629!49!9&4%+,$&25!<?!&'2!5262(2/$&4F2!;/-3299A!G'43'!
3+,%4($&29! E+9&! ;/4-/! &-! &'2! <264((4(6! -*! &'2! /262(2/$&4-(! ;/-3299! $&! "L! G22)90!
7,&'-+6'!G2!*-+(5!$(!4(3/2$92!4(!&'2!3-(32(&/$&4-(!-*!<-&'!(2+&/-;'4,9!$(5!8.9!$&!
"L! G22)9A! G2! 2Q3,+52! &'$&! &'49! 3-+,5! <2! 5+2! &-! %$/)2/9! -F2/,$;A! 94(32! G2! +925!
9;234*43!%$/)2/9!&-!549&4(6+49'!&'2!&G-!54**2/2(&!;-;+,$&4-(9A!4020!DNpML!*-/!8.9!$(5!
I?kB! *-/! (2+&/-;'4,90! 1'2! 923-(5! G$F2! -*! %$3/-;'$629! 3-+,5! <2! &'2! $(&4O
4(*,$%%$&-/?! ^8Ka! ;-;+,$&4-(A! G'43'! 49! 9&4%+,$&25! <?! &'2! /262(2/$&4F2! ;/-3299!
-(6-4(6! 4(! &'2!5?9&/-;'43!%+93,2!-*!./01>34156>+,(>!%432A!$,&'-+6'!&'49!)4(2&439! 49!
%-/2!54**43+,&!&-!2Q;,$4(R!8K!8.9!'$9!<22(!5293/4<25!$9!$;;2$/4(6!*2G!5$?9!$*&2/!&'2!
8"!^7/(-,5!2&!$,0A!KLLVY!C2(3n2!2&!$,0A!KL"KY!145<$,,!$(5!H4,,$,&$A!KL"LaA!G'4,2!&'2/2!49!




8K! ;-;+,$&4-(9! G4&'! 9;234*43! %$/)2/9A! $(5! ^Ka! /2*4(2! -+/! $($,?929! $(5! 522;,?!
4(F29&46$&2!&'2!)4(2&439!-*!4(*,$%%$&-/?!32,,9!$&!"LO"k!G22)9A!G'2(!&'2/2!49!&'2!;2$)!
-*!5262(2/$&4-(p/262(2/$&4-(!4(!./01>34156>+,(>!%+93,290!
7,,! &'292! 5$&$! 3-(*4/%! &'$&! 529;4&2! 4&9! 4%%+(-52*4342(3?A! &'2! ./01>34156>
+,(>#%-+92!%-52,!;/292(&9!$!3,2$/!5?9&/-;'43!;'2(-&?;2!&'$&!49!3-%;$/$<,2!&-!&'$&!
-<92/F25!4(!&'2!,(-!%-+92A!G'43'!49!&'2!%-9&!3-%%-(,?!+925!%-52,A!$(5!4(!9-%2!
$9;23&9! 2F2(! <2&&2/! *-/! 9&2%! 32,,! $99299%2(&! 94(32! &'2/2! 49! $! ,$/62/! G4(5-G! -*!
/262(2/$&4-(! 5+/4(6! G'43'! 3-//23&4F2! 9&/$&26429! 3$(! <2! $9929925A! $(5! 4&9! 3-%;,2&2!
4%%+(-52*4342(&! ;'2(-&?;2!G4,,! $F-45! &'2! /2E23&4-(! -*! 6/$*&25! 32,,90! #(! -+/!%-52,A!
&'2! &-&$,! ,$3)! -*! 1OA! COA! $(5! W[O32,,9! 545! (-&! 4(*,+2(32! $(?! -*! &'2! ;$/$%2&2/9! G2!
2F$,+$&25A! 29;234$,,?! &'2! *4</-949! 52;-94&4-(A! G'43'!G$9! 3-%;$/$<,2! &-! &'$&! -*! &'2!
! `]!





-*! 3-6(4&4F2! 4(&2/29&! +(,299! 4&! 49! &29&25! *-/! 4&9! $<4,4&?! *-/! Q2(-&/$(9;,$(&$&4-(! $(5!
$99299%2(&! -*! $&! ,2$9&! 32,,! &'2/$;?! 9&/$&264290! D-/! &'49! ;+/;-92A! '+%$(!%?-<,$9&9!
G2/2! 4(E23&25! 4(&-!&'2!17!%+93,29!-*!./01>34156>+,(>!%432!$(5!G2!9'-G!&'$&!&'2?!
3-(&/4<+&25! &-! &'2! 62(2/$&4-(! -*! (2G!%+93,2! *4<2/9! 2Q;/2994(6! '+%$(! ;/-&24(9! 4(!
(-(O3/?-5$%$625A! =($&+/$,,?>! /262(2/$&4(6! %+93,290! #(E23&25! 32,,9! (-&! -(,?!
4(&26/$&25! 4(&-! &'2! '-9&! %+93,2! &499+2A! &'2?! $,9-! ;/-5+325! %$&+/2! %+93,2! *4<2/9A!
G'43'!G2/2!4(!&+/(!3$;$<,2!-*!;/-5+34(6!'+%$(!5?9&/-;'4(!$(5!2(&4/2,?!/29&-/2!&'2!
@ZB! 3-%;,2Q! 4(&-! $! 5?9&/-;'43! 3-(&2Q&A! G'2/2! &'2! -(,?! &/4662/! G$9! &'2! ($&+/$,!
2Q49&4(6!5?9&/-;'43!3-(54&4-(0!!
T(,?!9,46'&,?!'46'2/!(+%<2/9A!$,&'-+6'!(-&!9&$&49&43$,,?!54**2/2(&A!-*!9;23&/4(q!
*4<2/9! $(5! '+%$(! ,$%4(! 7pZq! (+3,24! G2/2! -<&$4(25! G'2(! $554&4-($,! ,294-(!
^3/?-5$%$62a!G$9!$;;,425A!<+&!&'2!3,2$/!$5F$(&$62!-*!&'49!%-+92!%-52,! 49!&'$&!&'2!
<2'$F4-+/!-*!'+%$(!%?-62(43!;/23+/9-/!32,,9!3$(!<2!4(F29&46$&25!4(&-!$!;'?94-,-643!
5?9&/-;'43! 2(F4/-(%2(&!G4&'-+&! &'2! (225! &-! ;/-F-)2! $(?! $554&4-($,! 5$%$620! 1'49!
3'$/$3&2/49&43! &+/(9! -+&! &-! <2! F2/?! 4%;-/&$(&! 94(32! ;/2F4-+9! 9&+5429! G4&'! (-(O
5?9&/-;'43! 4%%+(-52*4342(&!%432! 9'-G25! &'$&! G4&'-+&! 2Q&2/($,! 9&4%+,4! &'2! 94%;,2!
4(E23&4-(!-*!'+%$(!32,,9!-(,?!62(2/$&2!$!F2/?!5493/2&2!(+%<2/!-*!2(6/$*&25!'+%$(!
32,,9! ^U4,F$OC$/<-9$! 2&! $,0A! KLL]a! ^U4,F$OC$/<-9$! 2&! $,0A! KLLMa0!8-/2-F2/A! &'2! /29+,&9!




2%<25525! 4(! $! '?$,+/-(43! $345O<$925! '?5/-62,A! G'43'! $,/2$5?! 9'-G25! &-! 6/2$&,?!
4%;/-F2! %+93,2! /23-(9&/+3&4-(! +;-(! 32,,! &/$(9;,$(&$&4-(! ^i-994! 2&! $,0A! KL""a0!
_(*-/&+($&2,?A! -+/! *4/9&! 92&! -*! 2Q;2/4%2(&9! 6$F2! /$&'2/! 5493-+/$64(6! 2F452(329R!G2!
! `k!
3-+,5!(-&!52&23&!$(?!(2G,?!*-/%25!%+93,2!*4<2/9A!$(5!G2!545!(-&!*4(5!2F452(32!-*!&'2!
;/292(32!-*! $(?!-*! &'2! &/$(9;,$(&25!%?-<,$9&90! 1'292!(26$&4F2!-+&3-%29!$/2!%-9&!
,4)2,?!5+2! &-! &23'(43$,!;/-<,2%9!5+/4(6! &'2!32,,9!;/2;$/$&4-(!;'$92A! 94(32!G2!3-+,5!
(-&!52&23&!$(?!'+%$(!32,,9!2F2(!4(!9&$(5$/5!3-(54&4-(9!G'2/2!32,,9!G2/2!4(E23&25!4(!
.CU0!
_(*-/&+($&2,?!G2! '$F2! <22(! +($<,2! &-! *+/&'2/! 4(F29&46$&2! &'49! 499+2! 5+2! &-!
,26$,!549;+&29!/26$/54(6!&'2!'?5/-62,!*-/%+,$&4-(J9!;$&2(&A!G'43'!'$9!<22(!/232(&,?!
$3X+4/25! <?! $(! 7%2/43$(! ;'$/%$32+&43$,! 3-%;$(?0! 7! (2G! *-/%+,$&4-(! -*! $! (-F2,!




$9! %$3/-;'$629A! $/2! 4(F-,F25! 4(! &'2! (-/%$,! ;/-3299! -*! /262(2/$&4-(! 4(! 9)2,2&$,!
%+93,20! 8-/2-F2/A! ;/2F4-+9! 9&+5429! $,/2$5?! 9'-G25! &'$&! %?-<,$9&! ;/-,4*2/$&4-(! 49!




#(! &'49! &'2949! G2! +925! 3-O4(E23&4-(9! -*! '+%$(! %$3/-;'$629! G4&'! '+%$(!
%?-<,$9&9! 4(! -/52/! &-!%$Q4%4n2! &'2! ;-&2(&4$,! 4(&2/$3&4-(9! <2&G22(! &'292! &G-! 32,,!
&?;290!y2!9'-G25!&'$&!&'2!;/292(32!-*!'+%$(!;/-O4(*,$%%$&-/?!^8"a!%$3/-;'$629!
4(3/2$925!&'2!2**4342(3?!-*!'+%$(!%?-<,$9&!2(6/$*&%2(&! !"#$!$%A!$*&2/!3/?-O5$%$62!
$(5! &'+9! 2('$(325! /262(2/$&4-(! -*! &'2! 179!%+93,2! -*! 4%%+(-52*4342(&!%4320! 1'49!
G$9! 3,2$/,?! 52%-(9&/$&25! <?! &'2! 946(4*43$(&,?! '46'2/! (+%<2/! -*! %+93,2! *4<2/9!
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Molecular Therapy 1
Macrophages have been shown to be essential for mus-
cle repair by delivering trophic cues to growing skeletal 
muscle precursors and young fibers. Here, we investigated 
whether human macrophages, either proinflammatory 
or anti-inflammatory, coinjected with human myoblasts 
into regenerating muscle of Rag2–/– ?C–/– immunodeficient 
mice, could modify in vivo the kinetics of proliferation and 
differentiation of the transplanted human myogenic pre-
cursors. Our results clearly show that proinflammatory 
macrophages improve in vivo the participation of injected 
myoblasts to host muscle regeneration, extending the 
window of proliferation, increasing migration, and delay-
ing differentiation. Interestingly, immunostaining of trans-
planted proinflammatory macrophages at different time 
points strongly suggests that these cells are able to switch 
to an anti-inflammatory phenotype in vivo, which then 
may stimulate differentiation during muscle regeneration. 
Conceptually, our data provide for the first time in vivo 
evidence strongly suggesting that proinflammatory mac-
rophages play a supportive role in the regulation of myo-
blast behavior after transplantation into preinjured muscle, 
and could thus potentially optimize transplantation of 
myogenic progenitors in the context of cell therapy.
Received 5 October 2011; accepted 10 August 2012; advance online 
publication 16 October 2012. doi:10.1038/mt.2012.189
INTRODUCTION
Skeletal muscle growth and regeneration are essentially assured 
by progenitors called satellite cells, located underneath the myo!-
ber basal lamina,1 and identi!ed by the expression of the paired-
box transcription factor Pax7, as well as surface markers such as 
CD56, M-Cadherin, c-met, syndecans 3 and 4, and ?7?1 integ-
rin.2 Following activation, satellite cells, now named myoblasts, 
proliferate, di"erentiate, and fuse to form multinucleated muscle 
!bers. During proliferation, MyoD and Myf5 proteins are both 
expressed, and once cells exit the cell cycle and become committed 
to di"erentiate, they express myogenin and subsequently MRF4.3
Myoblasts can be isolated in vitro, ampli!ed and reintroduced 
into a damaged muscle where they are able to participate in the 
regeneration of the host’s muscle.4 Accordingly, transplantation was 
initially envisioned as a therapeutic strategy for certain neuromus-
cular disorders such as Duchenne muscular dystrophy (DMD), 
in order to allow dystrophin expression by the incorporation of 
healthy myoblasts into the newly formed !bers, within the host’s 
muscle tissue.
However, these early clinical trials, using local intramuscular 
injections of heterologous myoblasts, did not result in signi!cant 
clinical bene!t for the patients.2,5 More recently, myoblast transplan-
tation protocols were improved by innovative systems of injection,6 
although the overall e#cacy clearly needs further optimization.
Among the aspects potentially related to these rather disap-
pointing results, it has been shown in the mouse, that the trans-
planted myoblasts undergo a massive and early cell death,7 and 
have a very limited migration within the recipient’s muscle.8,9
Muscle degeneration and regeneration involves not only muscle 
!bers and muscle precursors, but is a very complex process com-
prising many other cell types, some of which are recruited from 
the circulation during the process of injury and/or repair: a huge 
in$ammatory in!ltrate is established a%er muscle injury, and is 
likely to participate in the regulation of muscle regeneration,10,11 a 
concept reinforced by the observation that depletion of monocytes/
macrophages impairs muscle regeneration, in$uencing muscle-
speci!c gene expression, and myo!ber formation.12–14 In the case of 
DMD patients or in the mdx mouse model of the disease, both adap-
tive and innate immune elements such as cytotoxic lymphocytes,15 
neutrophils,16 mast cells,17 eosinophils,18 and macrophages19 have 
been described to be active during this process.
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Cross-talk Between Macrophages and Human Myoblasts
Macrophages can adopt proin!ammatory, anti-in!ammatory, 
or alternatively activated patterns, depending on their microen-
vironment. Proin!ammatory macrophages (also named M1 or 
classically activated macrophages) have a proin!ammatory and 
microbicidal phenotype, producing reactive oxygen species, and 
cytokines such as, interferon-?, interleukin-1? (IL-1?), and tumor 
necrosis factor-? (TNF-?). Anti-in!ammatory macrophages 
(also named M2c, deactivated or regulatory macrophages) are 
activated by and then produce themselves IL-10, which in turn 
down regulates IL-12 production, characteristic of in!amma-
tion inhibition. Alternatively activated macrophages, the wound-
healing macrophages (also named M2a) are stimulated by IL-4, 
and regulate extracellular matrix production, thus contributing to 
wound healing.20,21
Proin!ammatory macrophages stimulate myoblast prolifera-
tion while inhibiting their di"erentiation,14 but the impact of the 
polarized macrophage subpopulations during muscle regeneration 
in vivo, and more speci#cally their e"ects on satellite cells, remain 
largely unknown. Moreover, no data are available  concerning the 
impact of activated macrophage subpopulations on the engra$-
ment of human myoblasts into an injured muscle. In the present 
study, we have investigated whether  polarized human proin!am-
matory macrophages, coinjected with human myoblasts could 
modify in vivo the kinetics of proliferation/di"erentiation. Our 
results clearly show that proin!ammatory macrophages have a 
positive impact on the behavior of transplanted human myoblasts 
during cryodamage-induced muscle regeneration, extending the 
proliferation phase, increasing migration and delaying di"erenti-
ation of the myogenic precursors. Conceptually, our data provide 
for the #rst time in vivo evidence strongly suggesting that proin-
!ammatory macrophages play a supportive role in the regulation 
of myoblast behavior a$er engra$ment into preinjured muscle, 
and could thus potentially optimize transplantation of myogenic 









































































Figure 1 Leukocyte infiltration after injection of human myoblasts into tibialis anterior muscle of Rag2–/–?C–/– mice. (a) The early cytokine 
inflammatory patterns of the tibialis anteriors (TA) injected with human cells. Reverse transcription-PCR (RT-PCR) using specific murine primers 
(inflammatory markers interleukin-1? (IL-1?), tumor necrosis factor-? (TNF-?), and secretory leukocyte proteinase inhibitor (SLPI) and anti-inflamma-
tory markers IL-10, transforming growth factor-? (TGF-?) and peroxisome proliferator-activated receptor ? (PPAR?)) were performed at different time 
points (0, 12, 24 hours and 3 and 5 days) after cryodamage and injection of human myoblasts. (b,c) Immunostaining and quantification showing 
neutrophils, as defined by the Ly6G marker (red) infiltrating muscle tissue 24 hours and 3 days after injection. (d) Quantification revealing the very 
early appearance of neutrophils peaking at 24 hours post-engraftment. (e,f) Immunostaining and (g) quantification of the recipient’s macrophages 
(identified with the F4/80 marker, red), whose increase was seen 3 days post-transplantation. In all immunostaining human myoblasts are stained 
with antihuman-specific lamin A/C antibody (green) and nuclei are labeled in blue with Hoechst. The quantification of macrophages and neutrophils 
was performed counting the number of the inflammatory cells in representative micrographs in the area of the injected cells. Data represent mean ± 
SEM. n = 3 per point, *P < 0.05; **P < 0.01; ***P < 0.001. Bars (b,c): 100 µm; (e,f): 50 µm.
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RESULTS
Leukocyte infiltration in the TA muscle after 
cryodamage and human myoblast transplantation
Since the recipient’s microenvironment can exert an important 
in!uence upon the behavior of the myoblasts, we "rst analyzed, in 
the host tissue, mouse speci"c gene transcripts coding for proin!am-
matory cytokines, namely IL-1? and TNF-?, as well as transcripts 
for the secretory leukocyte proteinase inhibitor (SLPI), typically 
expressed by proin!ammatory macrophages and neutrophils.22,23 
In the "rst day post-transplantation,  proin!ammatory (but not 
anti-in!ammatory) gene expression was clearly detected. By days 
3–5, gene transcription for anti-in!ammatory cytokines was also 
detected, including IL-10, transforming growth factor-? (TGF-?), 
together with peroxisome proliferator-activated receptor ?, a pow-
erful deactivator and marker of anti-in!ammatory macrophages.24 
#ese "ndings, summarized in Figure 1a, suggest a sequential 
appearance of a pro- and then an anti-in!ammatory microenvi-
ronment, with possible consequences upon the outcome of the 
transplanted human myogenic precursors.
In the next set of experiments, we phenotyped the host leu-
kocyte populations within and around the niche where human 
donor cells were settled. We initially found that CD11b+ cells start 
to in"ltrate the transplanted tibialis anterior (TA)  muscle 6 hours 
a$er cryodamage, and remain present at 5 days  post- engra$ment. 
Interestingly, from 12 hours to 5 days post-transplantation, 
CD11b+ in"ltrating leukocytes were frequently found in close 
contact with the injected human myoblasts (data not shown).
Since both granulocytes and macrophages bear the CD11b 
integrin chain, we further investigated the alymphoid in!amma-
tory in"ltrate by using speci"c markers for cell subpopulations 
within the in"ltrate. Shortly a$er cryodamage and human myo-
blast injection, we found a transient in"ltration of neutrophils, 
herein de"ned by the membrane expression of the Ly-6G marker. 
#eir peak was observed at 12 and 24 hours post-engra$ment, 
with a subsequent decrease at days 3 and 5 post-transplantation 
(Figure 1b–d).
#e kinetics of macrophage in!ux (phenotypically de"ned 
by the marker F4/80) di%ered from that of granulocytes. In the 
"rst 24 hours post-engra$ment, only rare resident cells were 
seen, scattered throughout the muscle tissue. In contrast, a mas-
sive macrophage in"ltration was observed in the cryodamaged 
muscle, including the area of injected human myoblasts, by days 
3–5 post-transplantation (Figure 1e–g). #ese "ndings suggest 
that the proin!ammatory milieu ascertained by the expression 
of proin!ammatory cytokines, derives initially from neutrophils, 
rather than proin!ammatory M1 macrophages, although M2 
macrophages may in turn be involved in the later production of 
anti-in!ammatory cytokines.
To further investigate the populations of macrophages in"l-
trating the regenerating tissue, we analyzed sections from regen-
erating TAs at 24 hours, 3 and 5 days postinjury, using inducible 
nitric oxide synthase (iNOS) as a marker of M1 proin!ammatory 
 macrophages and arginase as a general marker of M2 macrophages. 
At 24 hours, we did not observe any M2 macrophages, whereas M1 
macrophages expressing iNOS were present (see Figure 2a and d). 
M2 macrophages expressing arginase were detected only at day 
3 and 5, whereas M1 positive for iNOS were still detectable (see 
Figure 2b–f). #is is in full agreement with the kinetics of detection 
of pro- and anti-in!ammatory cytokines illustrated in Figure 1a.
Proinflammatory macrophages favor engraftment 
of human myoblasts
We then investigated the in vivo in!uence of pro- or anti-in!am-
matory environment created by exogenously injected human 
24 hours 3 days 5 days
Figure 2 Pro- and anti-inflammatory host macrophages after human myoblasts transplantation into tibialis anterior muscle of Rag2–/– ?C–/– 
mice. Immunofluorescence showing double staining of F4/80 macrophages (green) with arginase (a–c) or inducible nitric oxide synthase (iNOS) 
(d–f) (red). Arrows show some double positive cells. In (a) no double positive cells are observed. Nuclei were counterstained with Hoechst (blue). 
Bars: 20 µm.
4 www.moleculartherapy.org 
© The American Society of Gene & Cell Therapy
Cross-talk Between Macrophages and Human Myoblasts
macrophages on the outcome of human myoblasts transplanted 
into regenerating muscle, using the same immunode!cient mouse 
model. "e rational for these experiments was based on the in vitro 
demonstration that proin#ammatory macrophages stimulate myo-
blast proliferation while slowing their di$erentiation.14 At 4 weeks 
post-transplantation, coinjection of human myoblasts with proin-
#ammatory macrophages generated twice as many !bers express-
ing human spectrin than injection of myoblasts alone or myoblasts 
coinjected with anti-in#ammatory macrophages (Figure 3a). 
Furthermore, proin#ammatory macrophages increased by 2.5-
fold the number of human lamin A/C positive nuclei detected in 
the !bers (Figure 3b). When macrophages were injected alone, no 
labeling of human lamin A/C was detected at 1 month,  con!rming 
that their eventual participation to myotubes by fusion was negli-
gible (data not shown).
We also found a signi!cant increase in myogenic cell disper-
sion within the host muscle, as compared to the group injected 
with anti-in#ammatory macrophages or the control group 
(Figure 3c–f).
In order to further investigate these e$ects in a murine model 
closer to dystrophic situations, we have performed the same cell 
implantations in a new immunode!cient and dystrophic model, 
i.e., the Rag2–/– Il2rb–/– crossed with a  dystrophin knockout mouse. 
"e resulting mouse model has no B and T lymphocytes nor NK 
cells as the Rag2–/–?C–/– strain used in this study. "e introduction 
of a mutant Dmdmdx-?geo allele in the Rag2–/– Il2rb–/– background 
resulted in the generation of Rag2–/–  Il2rb–/–Dmd –/– strain. In addi-
tion to the features associated with the Rag2–/– Il2rb–/–genotype, the 
mutant Dmd allele prevents any dystrophin re-expression in rever-
tant !bers. "ese mice show a phenotype similar to the well-known 
mdx model, but with a longer period of degeneration/regeneration 
of their muscle !bers (data not shown). We applied exactly the same 
experimental procedure, including the cryodamage, since the level 
of natural degeneration is always limited at a given time-point. We 
con!rmed in this new model the enhancement of engra%ment 
of human myoblasts by the presence of proin#ammatory (M1) 
macrophages, despite the fact that some in#ammation is always 
present in dystrophic situations. At 1 month post- implantation, 
we observed the expression of human dystrophin, as detected by 
human speci!c antibodies and illustrated on Figure 4c and d, in 
!bers where either human nuclei, identi!ed by human speci!c anti-
lamin A/C, or human proteins, e.g., human spectrin, were detected 
(Figure 4b). More importantly, we con!rmed that up to !ve times 
more human nuclei were detected in the coinjected muscles as 
compared to those injected with myoblasts alone (data not shown). 
"e dispersion of the human nuclei was also greatly enhanced by 
the presence of proin#ammatory (M1) macrophages, as observed 
in the nondystrophic immunode!cient model. "e area containing 
human nuclei, identi!ed by the expression of human lamin A/C, 
was increased by a factor of two (data not shown).
We next evaluated whether the transplanted myoblasts 
remained located close to the coinjected macrophages (at least 
until day 5). Figure 5a and b shows the detection of human 
CD56+ myoblasts and the nonmyogenic injected cells (human 
lamin A/C positive nuclei), largely represented by the mac-

















































Figure 3 Myogenic potential of human myoblasts coinjected with human proinflammatory macrophages into tibialis anterior (TA) muscles 
of Rag2–/– ?C–/– mice. The graphs show the number of (a) human fibers, (b) human nuclei and the area occupied by (c) human cells 1 month 
after injection of 105 myoblasts alone (CTR) or after the coinjection of 105 human myoblasts with 5 × 105 proinflammatory macrophages (PRO) or 
anti-inflammatory macrophages (ANTI). (d–f) Representative immunofluorescence micrographs show the distribution pattern of human myoblasts 
1 month following transplantation. The number of human cells (lamin A/C, green) and human fibers (spectrin, green) are higher and more dispersed 
in the group coinjected with proinflammatory macrophages (PRO). Bar: 100 µm. *P < 0.05.
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nucleus is not visible, due to the fact that the section is peripheral 
to the nuclei in these cells.
As seen in this !gure, most of the coinjected human mac-
rophages, whether they are anti-in"ammatory (Figure 5a) or 
proin"ammatory (Figure 5b) remained in close proximity to 
the engra#ed myoblasts, at 5 days post-transplantation, for both 
coinjected groups. It is thus conceivable that at early time points, 
implanted human myoblasts and macrophages do not migrate 
away from each other, but stay in close vicinity, allowing cell-to-
cell contacts as well as paracrine interactions mediated by soluble 
secreted factors including cytokines. It should be noted that we did 
not observe any increase in cell death of either injected myoblasts 
or macrophages in these experiments. At 5 days a#er coinjections, 
we quanti!ed the ratio between human macrophages, by counting 
cells positive for CD68 and lamin A/C, as compared to lamin A/C 
only positive cells, i.e., coimplanted myoblasts. $is quanti!cation 
is presented on Figure 5c. $e percentage of macrophages among 
the human cells present at that time point was 81% for coinjec-
tions with proin"ammatory macrophages, and 83% for anti-in-
"ammatory macrophages, thus very similar to the original ratio 
between the di%erent cell types at the time of injection (85.7%).
Proinflammatory macrophages enhance proliferation 
and delay differentiation of engrafted human 
myoblasts
In order to identify by which mechanism(s) this general 
improvement in myoblast regenerative capacity occurred, we 















Figure 5 Localization and survival of cotransplanted human cell 
populations. Representative immunofluorescence micrographs 5 days 
after transplantation, with a: anti-inflammatory (ANTI) or b: proinflam-
matory (PRO) macrophages, respectively. Human cells were stained with 
antibodies directed against human lamin A/C (green) and human CD56 
(red), showing respectively human nuclei from myoblasts and mac-
rophages (lamin A/C), and plasma membrane of only human myoblasts 
(CD56). Bars: 100 µm. Graphs representing the percentages of pro- or 
anti-inflammatory human macrophages 5 days post-transplantation, 
identified by the coexpression of CD68 and lamin A/C, within the total 
population of human lamin A/C positive cells (c).
Figure 4 Expression of human dystrophin in tibialis anterior (TA) muscles of Rag2–/–Il2rb–/–Dmd–/– mice. Representative image of newly formed 
human fibers after coinjection of 105 human myoblasts with 6 × 105 proinflammatory macrophages. Total nuclei were stained with hoechst, and 
are shown in (a). Human nuclei (lamin A/C, green) and fibers (spectrin, green) were recognized by human-specific antibodies and are shown in 
(b). Spectrin positive fibers were also positively stained for dystrophin, whose expression was detected by human-specific antibodies MANDYS102 
and MANDYS106 and is shown in (c) (red). A merged picture is shown in (d). Bar: 100 µm.
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and di!erentiation. Coculture experiments, in medium-con-
taining low serum concentration, demonstrated that proin"am-
matory macrophages increased the number of KI67+ myoblasts 
a#er 3 days (Figure 6a). Conversely, a signi$cant decrease in 
di!erentiation (i.e., formation of myotubes) was observed in the 
presence of proin"ammatory macrophage-derived conditioned 
medium, whereas the opposite was observed when we added 
conditioned medium from anti-in"ammatory macrophage cul-
tures (Figure 6b). %is is in agreement with the stimulation of 
myoblast proliferation by proin"ammatory macrophages, as 
previously reported.14
We then analyzed donor human myoblast proliferation in vivo. 
When myoblasts were injected in the presence of proin"ammatory 
macrophages, and examined 24 hours later, we found no di!er-
ence in the number of proliferating human cells (data not shown), 
as de$ned by three-color immuno"uorescence for detecting the 
following molecules: Ki67, CD56, and lamin A/C. However, at 5 
days, even though the proportion of transplanted myoblasts still 
proliferating has decreased to <20%, the proportion of prolifer-
ating transplanted myoblasts is still 2.5-fold higher in the group 
coinjected with proin"ammatory macrophages (Figure 6c), sug-
gesting that proin"ammatory macrophages exert in vivo a prolif-
erative e!ect on the transplanted myoblasts, as they do in vitro 
(see Figure 6a).
%is e!ect was not observed when anti-in"ammatory mac-
rophages were coinjected with the myoblasts. %is is not due 
to a di!erence in survival between pro- and anti- in"ammatory 
macrophages in vivo, since the number of CD68+ human cells 
at 5 days post-implantation did not show any signi$cant di!er-
ence (Figure 5c). Terminal di!erentiation of transplanted cells 
was assessed by the expression of neonatal myosin heavy chain 
(MyHC), which has been described as an early marker of skel-
etal muscle di!erentiation during regeneration.25 Five days 
post-transplantation the proportion of di!erentiated neonatal 
MyHC-positive $bers within the human-speci$c CD56+ cells was 













































































Figure 6 Proliferation and differentiation of human myoblasts in the presence of human pro- and anti-inflammatory macrophages in vitro 
and in vivo. (a) Percentages of Ki67+ proliferating human myoblasts alone and after coculture with proinflammatory macrophages (PRO) or anti-
inflammatory macrophages (ANTI) in a medium-containing low serum concentration. (b) Percentage of differentiated human myotubes in vitro, 
identified using the human neonatal myosin heavy chain (neoMyH), of human myoblasts cultured alone, and with proinflammatory (PRO) or anti-
inflammatory (ANTI) macrophage-derived conditioned medium. (c) Percentages of proliferating human KI67 positive cells after injection into adult 
immunodeficient Rag2–/–?C–/– mouse recipients, 5 days post-engraftment in the three groups: myoblasts injected alone (CTR), myoblasts coinjected 
with proinflammatory macrophages (PRO) and myoblasts coinjected with anti-inflammatory macrophages (ANTI). The results were obtained by 
performing a triple-staining directed against lamin A/C (human nuclei), human CD56 (myoblasts at 5 days) and Ki67. Results are expressed as the 
percentage of Ki67+ cells of the total number of human CD56+ cells. (d) Percentage of differentiated human CD56 myoblasts derived myotubes in 
vivo, identified using the human neonatal myosin heavy chain (neoMyHC), a terminal differentiation marker, 5 days after transplantation, in each 
group: myoblasts alone (CTR), myoblasts coinjected with proinflammatory macrophages (PRO) or coinjected with anti-inflammatory macrophages 
(ANTI). Data represented as mean ± SEM, with at least three experimental groups per point. *P < 0.05; **P < 0.05.
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macrophages, when compared to the group coinjected with anti-
in!ammatory macrophages, and threefold when compared with 
the group of myoblasts injected alone (Figure 6d), in accordance 
with an increased proliferation of the transplanted cells shown in 
Figure 6c.
Myoblasts coinjected with anti-inflammatory macrophages 
showed a strong tendency to increase their differentiation rate 
compared to controls. This finding indicates that injection of 
anti-inflammatory macrophages, also known to stimulate in 
vitro differentiation,14 is not a good option for in vivo trans-
plantation because they will induce the injected myoblasts 
to differentiate too early and consequently less fibers will be 
formed.
Transplanted proinflammatory macrophages switch 
to an anti-inflammatory phenotype in vivo
Macrophage populations are known to have a versatile pheno-
type, which is strongly in!uenced by the microenvironment as 
well as by their own phagocytic activity: they can switch from a 
proin!ammatory to an anti-in!ammatory phenotype a"er phago-
cytosis, or under the in!uence of cytokines present in the in!am-
matory environment.14,26
To verify whether the human proin!ammatory mac-
rophages undergo such a change in phenotype in our experi-
mental system, we double immunostained the injected muscles 
with an antibody speci#c to the human CD68 molecule, a pan-
 macrophage marker,27 together with an antibody speci#c for 
ANTI 24 hours
Dapi huCD206 huCD68 Merge





Figure 7 Partial switch of human proinflammatory macrophages into an anti-inflammatory phenotype after being injected in vivo. 
Immunofluorescence micrographs of anti-inflammatory macrophages after coinjection of human macrophages with human myoblasts into adult 
immunodeficient Rag2–/–?C–/– mouse recipients, using a double staining with CD68 (green) and CD206 (red) as markers. Nuclei were stained 
with Hoechst (blue). (a,b) Patterns 24 hours after coinjection of human myoblasts with either anti-inflammatory (ANTI, a), or proinflammatory 
 macrophages (PRO, b). (c) Five days after coinjection of human myoblasts with proinflammatory macrophages (PRO). (d,e) transforming growth 
factor-? (TGF-?) expression 5 days post-transplantation of human myoblasts coinjected with anti-inflammatory (ANTI, d) or proinflammatory (PRO, e) 
macrophages into adult immunodeficient Rag2–/–?C–/– mouse recipients. Sections were triple-stained for the presence of lamin A/C (blue), TGF-?1 
(green) and CD206 (red). White arrowheads show lamin A/C+ CD206+ TGF-?1+ macrophages. Yellow arrowheads show lamin A/C+ CD206+  
TGF-?1– macrophages. Bars: 200 µm (a–c) and 100 µm (d,f).
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the human CD206 molecule, a marker for M2 macrophages.28,29 
As expected, at 24 hours post-transplantation, the majority of 
the CD68+ transplanted macrophages were also CD206+ in 
muscles that were gra!ed with anti-in"ammatory macrophages 
(Figure 7a), whereas in those muscles gra!ed with proin"am-
matory macrophages, most of the CD68+ cells were negative for 
CD206 (Figure 7b). However, at 5 days post- transplantation, 
in the muscles injected with the proin"ammatory cells, we 
observed clusters of CD68+ macrophages also expressing the 
CD206 marker (Figure 7c), con#rming a partial phenotype 
switch, although some proin"ammatory macrophages main-
tained their CD206– phenotype. In the group injected with the 
anti-in"ammatory macrophages, the CD68+CD206+ phenotype 
persisted until day 5 post-transplantation (data not shown).
In order to con#rm the anti-in"ammatory phenotype of the 
CD68+CD206+ human macrophages, we performed a TGF-?1 
immunostaining, which showed that in the group injected 
with anti-in"ammatory macrophages, the vast majority of cells 
labeled for CD206 were also TGF-?1+ (Figure 7d). Among the 
proin"ammatory macrophages that switched to the CD206 anti-
 in"ammatory phenotype, some (but not all) were also TGF-?+ 
(Figure 7e, white arrows).
DISCUSSION
It has been previously demonstrated that cells from the innate 
immunity, such as macrophages are involved in the normal pro-
cess of regeneration in murine skeletal muscle due to their ability 
to release cytokines29 and to protect myoblasts and myotubes from 
apoptosis.30,31
In the experimental model described in the present study, 
when human myoblasts were engra!ed in vivo a!er cryodamage-
induced regeneration of the TA in muscle of immunode#cient 
alymphoid mice, we found early gene transcripts for proin"am-
matory cytokines, followed by expression of anti-in"ammatory 
genes. During the #rst day following human myoblast transplan-
tation, the proin"ammatory environment observed in the muscle 
was most likely due to an in"ux of neutrophils, since only rare 
proin"ammatory M1 macrophages were detected at 24 hours 
postinjection. Later, by days 3–5, host macrophages (both M1 and 
M2, as identi#ed by iNOS and arginase expression, respectively) 






Species origin and  
immunoglobulin isotype Dilution applied Clone Manufacturer
Spectrin Human Mouse mAb IgG2b 1/50 RBC2/3D5 Novocastra, Newcastle-upon-Tyne, UK
Lamin A/C Human Mouse mAb IgG2b 1/400 636 Novocastra, Newcastle-upon-Tyne, UK
Ki67 Human/mouse Rabbit 1/200 Ki67 Abcam, Cambridge, UK
Myogenin Human/mouse Mouse mAb IgG1 1/1 F5D Hybridoma Bank DSHB, Iowa City, IA
Dystrophin 
MANDYS102
Human Mouse mAb IgG2a 1/5 7D2 Wolfson Centre for Inherited Neuromuscular 
Disease (CIND) (G.E. Morris)
Dystrophin 
MANDYS106
Human Mouse mAb IgG2a 1/4 2C6 Wolfson Centre for Inherited Neuromuscular 
Disease (CIND) (G.E. Morris)
Neonatal MHC 
(NeoMyHC)
Human Mouse mAb IgG1 1/40 NCL-MHCn Novocastra, Newcastle-upon-Tyne, UK
CD56 Human Mouse mAb IgG1 1/200 NCAM16.2 BD Pharmingen, Franklin Lakes, NJ
Desmin Human/mouse Mouse mAb IgG1 1/50 D33 Dako, Trappes, France
CD68 Human Mouse mAb IgG3 1/300 PG-M1 Dako, Trappes, France
CD206 Human Mouse mAb IgG2a 1/50 7/450 AbDSerotec, Oxford, UK
TGF-? Human Mouse mAb IgG1 1/50 2G7 Noncommerciala
CD11b Mouse Rat mAb IgG2b 1/50 M1/70 BD Pharmingen, Franklin Lakes, NJ
F4/80 Mouse Rat mAb IgG2a 1/50 BM8 Caltag Laboratories, Invitrogen, Carlsbad, CA
Neutrophil LY6G Mouse Rat mAb IgG2a 1/50 1A8 BD Pharmingen, Franklin Lakes, NJ
Arginase Mouse Rabbit polyclonal IgG 1/100 Santa Cruz Biotechnology, Santa Cruz, CA
NOS2 (INOS) Mouse Rabbit polyclonal IgG 1/50 Santa Cruz Biotechnology, Santa Cruz, CA
Secondary antibodies
IgG Mouse Alexa-488 goat polyclonal 1/500 --------------- Molecular Probes, Montluçon, France
IgG2b Mouse Alexa-488 goat polyclonal 1/300 --------------- Molecular Probes, Montluçon, France
IgG1 Mouse Cy3 Goat polyclonal 1/500 --------------- Jackson Immunoresearch, West Grove, PA
Ig Rabbit Cy3 Goat polyclonal 1/300 --------------- Jackson Immunoresearch, West Grove, PA
Ig Rat Cy3 Goat polyclonal 1/300 --------------- Jackson Immunoresearch, West Grove, PA
Abbreviations: Ig, immunoglobulin; mAb, monoclonal antibody.
aKindly provided by Dr Ivan Cruz Moura, INSERM U699, Immunopathologierénale, récepteurset inflammation. Faculté de Médecine Xavier Bichat, Paris, France.
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appeared in the in!ammatory in"ltrate, coinciding with the detec-
tion of anti-in!ammatory gene transcripts in the muscle.
Since there is no adaptive immune response in this model, 
the presence of in!ammatory cells is most likely due to the 
cryodamage performed before transplantation. Indeed, a#er 
cryodamage and transplantation of human myoblasts, an early 
and progressive in"ltration of host in!ammatory cells (detected 
by the CD11b marker, which stains both neutrophils and mac-
rophages) was observed in the TA muscles of the immunode-
"cient mice. $is in"ltrate was "rst observed at 6 hours and 
remained close to the injected myoblasts from 12 hours until 
day 5 post-transplantation. A similar sequential pattern of neu-
trophil macrophage in"ltration a#er muscle damage has been 
described in the literature.29,32,33 In fact, when we speci"cally 
analyzed the host macrophages, using the speci"c marker F4/80, 
they were not found around the injected human cells until 24 
hours post-transplantation, but were present at days 3 and 5. It 
should be noted that expression of F4/80 by the macrophages 
increases as the cells di%erentiate within the tissue, thus the low 
level of in"ltrating macrophages observed before day 3 may be 
underestimated by the immunolabeling technique. In contrast 
neutrophil in"ltration increased progressively until 24 hours, 
but then subsequently decreased between 3 and 5 days. In fact, 
the proin!ammatory environment observed until 24 hours can 
be produced by neutrophils, which express the SLPI23 and can 
produce many in!ammatory mediators including TNF-? and 
IL1-?.34 $us, enhancement of a proin!ammatory microenvi-
ronment could be envisioned as a relevant strategy to optimize 
e&cacy of myoblast transplantation. Nevertheless, neutrophils 
can hardly be envisioned for such an approach since in most 
experimental conditions they die shortly a#er arriving in the 
in!amed tissue.35,36 Alternatively, a more persistent in!amma-
tory microenvironment could be created by exogenous proin-
!ammatory macrophages, coinjected with the myoblasts to be 
transplanted.
Previous work has shown that, in vitro, macrophages increase 
myoblast proliferation.37,38 However, it has not been established 
whether these e%ects can modulate the e&ciency of exogenous 
myoblasts to be incorporated into regenerated "bers, by cell–cell 
contact and/or e%ector cytokine release.
In the present study, we used coinjections of human mac-
rophages with human myoblasts in order to maximize the poten-
tial interactions between these two cell types. We showed that 
the presence of human proin!ammatory macrophages increased 
the e&ciency of human myoblast engra#ment in vivo, a#er cryo-
damage-triggered regeneration of the TAs muscle of immuno-
de"cient mice. Such an improvement was clearly demonstrated 
by the signi"cantly higher number of muscle "bers expressing 
human proteins detected within the recipient’s muscle 1 month 
a#er engra#ment, compared to when myoblasts were injected 
alone or in combination with anti-in!ammatory macrophages. 
$ese results were further con"rmed when the same cell types 
were implanted in the same ratio into regenerating muscles of 
Rag2–/–Il2rb–/–Dmd–/– mice, a model generated by crossing the 
immunode"cient strain with a dystrophin knockout strain. Both 
the number of cells and their dispersion were increased in the 
presence of proin!ammatory macrophages in this dystrophic 
environment, and human dystrophin was expressed in the "bers 
expressing human proteins, e.g., spectrin recognized by a species-
speci"c antibody, and/or containing human nuclei identi"ed by 
the species-speci"c anti-lamin A/C.
We then investigated whether such an improvement could 
be related to the role of proin!ammatory macrophages upon dis-
tinct biological functions of the transplanted myoblasts, such as 
cell migration and/or proliferation, which would result in vivo in 
a delayed and more prolonged phase of myoblast di%erentiation 
into myotubes.
It has been consistently reported that myoblasts injected into 
skeletal muscle remain close to the site of injection.8,9 When we 
analyzed the early post-transplantation time points, we found 
at day 5 post-transplantation that proliferation and dispersion 
were enhanced and di%erentiation was delayed in the group 
coinjected with proin!ammatory macrophages. $is was not due 
to a di%erence in survival between pro- and anti- in!ammatory 
macrophages, since the number of human cells negative for 
myogenic markers was not signi"cantly di%erent between both 
experimental situations. Human myoblasts were identi"ed by a 
human-speci"c CD56 antibody, and although some CD56+ cells 
could be labeled without showing a nucleus (due to the thick-
ness of the section) these were not considered in the quanti"ca-
tion. Although this method may introduce a limited bias toward 
underestimation, the bias is the same for all the experimental 
situations compared in this set of experiments. Furthermore, 
we observed that 5 days a#er cotransplantation, the ratio 
between human macrophages, either proin!ammatory and anti-
 in!ammatory, and human myogenic cells (respectively 81% for 
pro- and 83% for anti-in!ammatory macrophages), was very 
similar to the original ratio de"ned for the injections (85.7%), 
thus showing that there is no cell-type speci"c increase by pref-
erential proliferation or decrease by cell death, at least in this 
experimental setting. Overall, these results suggest that proin-
!ammatory macrophages exert a proproliferative e%ect upon 
the transplanted myoblasts, which inhibits their di%erentiation 
at that time-point, as shown by the decrease in neonatal MyHC-
expressing myotubes in vivo. As a result, the period during which 
transplanted myoblasts can proliferate and migrate is extended, 
thus resulting at 1 month post-transplantation in an increase in 
the total number of human nuclei, but also in "bers expressing 
human proteins, secondary to the fusion of more transplanted 
myoblasts which proliferated for an extended period before dif-
ferentiating at later time-points. $ese results were reinforced by 
coculture experiments that actually con"rmed previous data.14
Our results demonstrate that when myoblasts are coinjected 
with proin!ammatory macrophages which create a proin!am-
matory environment, the increased proliferation and the delayed 
di%erentiation observed at day 5 post-transplantation will extend 
the period of myoblast expansion, resulting in the formation of 
a larger number of human "bers, which is what we observed 1 
month a#er engra#ment, as well as a twofold increase in donor 
cell dispersion.
$e presence of human macrophages bearing the 
CD206+TGF-?+ in the group injected with proin!ammatory 
macrophages, at days 3 and 5 post-transplantation, seems to 
con"rm that there is an in vivo shi#, from the proin!ammatory 
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toward an anti-in!ammatory macrophage phenotype, which 
would ultimately favor myoblast di"erentiation. #is is important 
for a long-term e"ect of proin!ammatory macrophages, which 
delay myoblast di"erentiation. #is delay, although su$cient to 
enhance the participation of human myoblasts to host’s regenera-
tion in our model, will be limited in time due to a change in fate of 
these proin!ammatory macrophages toward an anti- in!ammatory 
phenotype which will then allow myoblast di"erentiation, and 
will probably be resolved together with the in!ammation of the 
regenerating muscle.
In conclusion, our results suggest that a proin!ammatory 
environment, such as that generated by proin!ammatory mac-
rophages, plays a role in the regulation of the kinetics of prolif-
eration and di"erentiation of engra%ed myoblasts, probably by 
cell–cell contact and the release of cytokines. More precisely, we 
propose that these cytokines can modulate the balance between 
myoblast proliferation and di"erentiation within the complex 
microenvironment of a regenerating tissue, and thus orchestrate 
the di"erent phases of muscle regeneration by cell–cell interac-
tions. In this report, we show that a proin!ammatory environ-
ment results in an increase in both the proliferation and the 
dispersion of implanted human cells in a regenerating context, 
and will thus result in the long term in an increased e$ciency of 
cell therapy, as suggested by the expression of human dystrophin 
in the immunode&cient and dystrophic model. Consequently, 
strategies which will extend the period during which injected 
cells will proliferate and migrate within the host tissue may be 
instrumental for improving myoblast and stem cell transplan-
tation based cell therapy. In addition the cytokine(s) involved 
in maintaining the proliferation and dispersion of the myo-
blasts can be identi&ed and used as tools to modulate tempo-
rarily the environment to enhance the regenerative capacity of 
implanted cells, since this may be easier to set up in a clinical 
context. In the same vein, the injection of human myoblasts in 
a serum-containing medium increases the numbers of human 
&bers, detected 1 month post-transplantation, by decreasing 
early myoblast di"erentiation while increasing proliferation.39 
#e fact that implanted myoblasts are in!uenced by the envi-
ronment is in agreement with previous results, showing that 
coinjections of side-population (SP) cells myoblasts in vivo in a 
regenerating mouse muscle enhanced the regenerative capacity 
of these myoblasts, most probably by the release of paracrine 
factors by SP cells, since SP cells rarely fuse with the regenerat-
ing host &bers. Moreover, the same authors showed that SP cells 
release matrix metalloproteinase-2, which promoted the migra-
tion of the implanted myoblasts.40
#e availability of blood-derived monocytes from patients 
that can be further di"erentiated and activated toward proin!am-
matory or anti-in!ammatory macrophages, together with the 
positive e"ect that these cells may have upon the transplanted 
myogenic precursors, are in favor of this novel strategy for the 
improvement of cell-based therapy for muscular dystrophies. 
Moreover, proin!ammatory macrophages will not trigger tissue 
or cell damage because they will spontaneously change their phe-
notype in vivo during the time course of regeneration, inducing 
&rst the resolution of in!ammation and eventually the di"erentia-
tion of myogenic cells.
MATERIALS AND METHODS
Animals. Rag2–/–?C–/–immunode&cient mice aged 2–3 months were used 
as recipients for human myoblast transplantation.41 #ese animals are 
alymphoid, but do contain circulating granulocytes and monocytes as well 
as tissue macrophages.42,43 Two month-old Rag2–/–Il2rb–/–Dmd–/– mice were 
also used for experiments. #is new strain is the result of a cross between 
Rag2–/–Il2rb–/– animals, a strain with the same immunode&cient status as 
Rag2–/–?C–/–, and Dmdmdx-?geo mice, which completely lacks dystrophin and 
in addition has no revertant &bers which is a great improvement over the 
classic mdx mouse model.44
Animals were anesthetized by an intraperitonial injection of 80 mg/
kg of ketamine hydrochloride and 10 mg/kg xylasine (Sigma-Aldrich, St 
Louis, MO), as described previously.41 Surgical procedures were performed 
under aseptic conditions and in accordance with the legal regulations in 
France and with European Union ethical guidelines for animal research.
Cultures of human myoblasts. Myoblasts were isolated from the quadriceps 
muscle of a 5-day-old infant, as reported previously,45 and in accordance 
with the French legislation on ethical rules. Cells were expanded in Ham’s 
F10 growth medium supplemented with 5 µg/ml gentamycine and 20% 
fetal calf serum (Invitrogen, Carlsbad, CA), at 37 °C in a humid atmosphere 
containing 5% CO2. Since intermediate &lament protein desmin is only 
expressed in myoblasts and not in &broblasts,46 myogenic purity of each cell 
preparation was determined by counting the number of desmin-containing 
cells as a percentage of the total number of nuclei. Immunocytochemistry 
was performed using an anti-desmin antibody (see Table 1). Speci&c anti-
body binding was revealed using an Alexa-488 coupled goat anti mouse 
secondary antibody. A total of at least 500 cells were counted for each exper-
iment. All cell preparations used had a myogenicity >80%.
Cell preparation and myoblast transplantation. All myoblast cultures 
were allowed to proliferate until they reached 80% con!uence. Before 
injection, the cells were trypsinized, centrifuged, and resuspended in 
phosphate-bu"ered saline (PBS). #e cells were then injected immedi-
ately into the TA muscles. Before myoblast engra%ment, the TAs of the 
Rag2–/–?C–/– mice were subjected to three freeze lesion cycles of 10 seconds 
each, in order to damage the muscle &bers, and trigger regeneration, thus 
stimulating the implanted myoblasts to fuse and form new muscle &bers.47 
Fi%een microliter cell suspensions containing 5 × 105 myoblasts in PBS 
were injected using a 25-µl Hamilton syringe in a single injection site in the 
mid belly of the TA. #e skin was then closed using &ne sutures. At 6, 12, 
24 hours, 3 and 5 days and 1 month a%er engra%ment, mice were sacri&ced 
(n = 3 for each time point) and the TAs were dissected. In selected experi-
ments, 105 myoblasts diluted in the F10 culture medium were coinjected, 
with 6 × 105 proin!ammatory or 6 × 105 anti-in!ammatory human mac-
rophages, obtained as described below. #e same procedure was applied 
to coimplantations of human macrophages and human myoblasts into 
regenerating TAs of Rag2–/–Il2rb–/–Dmd–/–. In all experiments, the TAs were 
mounted in tragacanth gum (6% in water; Sigma-Aldrich), and frozen in 
isopentane precooled in liquid nitrogen.
Cultures of human macrophages and corresponding supernatants. 
Peripheral blood mononuclear cells were isolated from human blood 
samples using Ficoll density gradient. Monocytes were isolated by an 
adhesion step48 for 1 hour at 37 °C, washed and incubated overnight con-
taining RPMI 1640 medium and 10% decomplemented human AB serum 
[supplemented with 1% sodium pyruvate, 10 mmol/l Hepes, 50 ?mol/l 
?-mercaptoethanol, 1% nonessential amino acids, 1% vitamins, 1% penicil-
lin/streptamycin (10,000 U)]. In order to di"erentiate monocytes into mac-
rophages, cells were then seeded on RPMI 1640 medium-containing 15% 
human AB serum for 7 days at 0.7 × 106 cells/ml in Te!on bags (Cellgenix, 
Freiburg, Germany) for in vivo experiments or plastic dishes for in vitro 
experiments. Macrophages were polarized using 1 ?g/ml lipopolysaccha-
ride (Sigma-Aldrich) and 10 ng/ml interferon-? (PeproTech) for classical 
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activation (M1 proin!ammatory phenotype) or 80 ng/ml DEX (Sigma-
Aldrich) and 10 ng/ml IL-10 (PeproTech, Neuilly sur Seine, France) for 
48 hours for anti-in!ammatory (M2) phenotype.14 Coculture experiments 
were performed a"er washing steps and adding myoblasts in an advanced 
RPMI medium complemented with 2% or 10% fetal calf serum and 5 µg/
ml gentamycine, and dishes were #xed a"er 24 hours, 3 days, or 5 days of 
coculture in 100% ethanol.
Cytokine gene expression in the recipient’s muscle. Total RNA was 
extracted from each TA using Trizol reagent (Invitrogen) according to the 
manufacturer’s recommendations. RNA concentration was determined 
using a NanoDrop 1000 ($ermo Scienti#c, Illkirch, France post-genomic 
 platform, Hospital Pitié-Salpêtrière), RNA integrity was checked by running 
1 µg on an agarose gel (data not shown) and 2 µg of total RNA was reverse 
transcribed into cDNA using M-MLV Reverse Transcriptase (Invitrogen) 
according to the manufacturer instructions, in a #nal volume of 40 µl. One 
microliter of the reverse transcription products were subjected to PCR 
ampli#cation in a #nal volume of 25 µl, using the 2× ReddyMix PCR Master 
Mix (ABgene; Epsom, Surrey, UK) and the following speci#c primers (sense 
and antisense, respectively):
TNF?: 5?-TTCCAGATTCTTCCCTGAGGT-3?; 5?-TAAGCAAAAGA 
GGAGGCAACA-3?; IL-1?: 5?-TGACGTTCCCATTAGACAACTG-3?; 
5?-CCGTCTTTCATTACACAGGACA-3?;
TGF?1: 5?-GAGACGGAATACAGGGCTTTC-3?, 5?-TCTCTGTGG 
AGCTGAAGCAAT-3?; IL-10: 5?-ACCAGCTGGACAACATACTGC-3?, 
5?-TCACTCTTCACCTGCTCCACT-3?; secretory leukocyte proteinase 
inhibitor: 5?-CCTTAAGCTTGAGAAGCCACA-3?, 5?-AGCACTTGTATT 
TGCCGTCAC-3?; peroxisome proliferator-activated receptor ?: 5?AA 
GAGCTGACCCAATGGTTG-3?, 5?-GGATCCGGCAGTTAAGATCA-3?; 
RPLPO: 5?-CTCCAAGCAGATGCAGCAGA-3?, 5?-ATAGCCTTGCGCA 
TCATGGT-3?.
Ampli#cations were performed in a thermocycler DNA Engine (Bio 
Rad, Hercules, CA), initiated by 2 minutes at 95 °C, followed by cycles 
of ampli#cation, each consisting of 30 seconds at 95 °C, 30 seconds at 
60 °C, and 30 seconds at 72 °C. $e number of cycles (25 for RPLPO, 
30 for peroxisome proliferator-activated receptor ?, secretory leukocyte 
proteinase inhibitor, IL1-? and TGF-?1, and 32 for TNF-? and IL-10) has 
been chosen so that the ampli#cation process has not reached the plateau 
phase. Twelve microliter of the ampli#cation products were subjected to 
electrophoresis on a 1.5% agarose gel-containing ethidium bromide for 
visualization using Gel Doc 2000 so"ware (Bio Rad).
Histology and immunofluorescence. Immuno!uorescence analyses of 
gra"ed TA muscles were performed using mouse monoclonal antibod-
ies speci#c for human spectrin and human lamin A/C (see Table 1 for 
details). $ese antibodies were used to visualize #bers expressing human 
proteins a"er 1 month (anti-spectrin) and to detect human nuclei (anti-
lamin A/C) at all time points. Antihuman dystrophin MANDYS102 and 
MANDYS106 were used in combination in the coimplantation of human 
macrophages and myoblasts in the Rag2–/–Il2rb–/–Dmd–/– model. To evalu-
ate the proliferation and di&erentiation of human cells during the kinetics 
of regeneration, double immuno!uorescence analyses were performed 
combining antibodies directed against human lamin A/C with the fol-
lowing antibodies: anti-Ki67 (a panmarker for proliferating cells), anti-
myogenin (labeling the early phase of human myoblast di&erentiation). 
For MyHC (global marker for early and full di&erentiation of myoblasts) 
staining with the antibody neonatal MyHC was used together with an anti-
human CD56 (N-CAM), used to detect the injected myoblasts. In addi-
tion, we used, anti-Ly-6G or anti F4/80 monoclonal antibody to detect 
recipient’s neutrophils and macrophages that are recruited to the tissue 
a"er cryodamage. Although F4/80 can also recognize circulating mono-
cytes, which express this marker but at a lower level than macrophages,49 it 
is used here to detect cells which in#ltrated into the host tissue. To detect 
M1 and M2 host macrophages, antibodies against iNOS and arginase 
together with F4/80 were used. Human macrophages were visualized with 
species-speci#c reagents, recognizing the molecules CD68 and CD206. 
For detection of TGF-?1 in human macrophages we also applied a spe-
cies-speci#c mAb (see Table 1).
Five micrometer thick transverse cryostat sections were #xed in cold 
acetone for 10 minutes, washed twice in PBS, blocked in 2% bovine serum 
albumin/1% sheep serum in PBS during 30 minutes. Sections were then 
incubated with primary antibodies for 1 hour, at room temperature washed 
in PBS, and incubated with the appropriate secondary antibodies during 45 
minutes. Characteristics of all antibodies are summarized in Table 1.
Nuclei were visualized in the sections by mounting the sections in 
a medium (Cytomation !uorescent mounting Medium, S3023; Dako, 
Trappes, France) a"er a 3 minutes Hoechst staining (bis-benzimide, 
0.0001% wt/vol, no. 33258; Sigma-Aldrich).
All images were visualized using an Olympus BX60 microscope 
(Olympus Optical, Hamburg, Germany), digitalized using a 
PhotometricsCoolSNAPfx CCD camera (Roper Scienti#c, Tucson, AZ) 
and analyzed using the MetaView image analysis so"ware (Universal 
Imaging, Downington, PA), except images for cell dispersion analysis 
that were visualized with a motorized !uorescence microscope (Zeiss 
AxioImager.Z1 (Carl Zeiss, Oberkochen, Germany) and captured using a 
digital camera (Hamamatsu ORCA-ER; Shizuoka, Japan).
Analysis of muscle samples. TA muscles were cut along their entire length 
into 5-µm sections, with one section every 500 µm, being used for immu-
nohistochemical analysis. For the quanti#cation experiments concerning 
the human #bers, the number of spectrin positive pro#les in each of these 
sections was counted and the maximum value was determined for each TA 
analyzed, as already described.50
Statistical analysis. Data were expressed as the mean ? SE of at least three 
di&erent animals. All statistical analyses were performed using GraphPad 
Prism (version 4.0b; GraphPad So"ware, San Diego, CA). Statistical sig-
ni#cance was assessed by one-way ANOVA with the Bonferroni post-test, 
with P < 0.05 being considered signi#cant.
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The development of innovative therapeutic strategies for muscular dystrophies, 
particularly cell-based approaches, is still a developing field. Although positive results have 
been obtained in animal models, they have rarely been confirmed in patients and resulted 
in very limited clinical improvements, suggesting some specificity in humans. These 
findings emphasized the need for an appropriate animal model (i.e. immunodeficient and 
dystrophic) to investigate in vivo the behavior of transplanted human myogenic stem cells. 
We report a new model, the Rag2–Il2rb–Dmd– mouse, which lacks T, B and NK cells, 
and also carries a mutant Dmd allele that prevents the production of any dystrophin 
isoform. The dystrophic features of this new model are comparable to those of the 
classically used mdx mouse, but with the total absence of any revertant dystrophin positive 
fiber. We show that Rag2–Il2rb–Dmd– mice allow long-term xenografts of human myogenic 
cells.  
Altogether, our findings indicate that the Rag2–Il2rb–Dmd– mouse represents an ideal 
model to gain further insights into the behavior of human myogenic stem cells in a 







Muscular dystrophies are a heterogeneous group of inherited disorders characterized 
by progressive muscle weakness and wasting. The most severe form, Duchenne Muscular 
Dystrophy (DMD), affects 1:3500 live male births and is caused by mutations in the 
dystrophin gene. Dystrophin is a very large protein that is part of a complex linking the 
extracellular matrix and the sarcolemma to the cytoskeleton and sarcomeres; its absence 
causes permanent fragility and leakiness of the sarcolemma, leading to Ca2+ influx and 
disruption of the muscle fibres resulting in repeated cycles of degeneration-regeneration!
(1). These cycles will gradually deplete the endogenous pool of myogenic precursor cells 
that eventually can no longer compensate for the ongoing fibre disruption (2).  
The availability of reliable animal models is essential for evaluating therapeutic 
approaches in pre-clinical studies for such muscular dystrophies. Many animal models of 
muscular dystrophies, either naturally occurring or genetically engineered, have been 
described in the past (3). The first to be reported – and the most widely used – is the mdx 
mouse with a point mutation resulting in a premature stop codon in exon 23 of the 
dystrophin gene (Dmdmdx) (4, 5). However, mdx muscles show the presence of a variable 
number of dystrophin-positive “revertant” fibers, whose number increases with age rising 
up to 200 or more dystrophin-positive fibres in adult mdx mice (6). Although this number 
rarely exceeds 5% of the total number of fibres, their presence can hinder the precise 
assessment of a dystrophin-restoring therapeutic approach. The mdx mouse has been 
widely used to assess different kinds of therapeutic approaches, including 
pharmacological (7), gene (8) or cell-based therapies (9). The latter has been pioneered 
by the group of T. Partridge and colleagues as early as 1978 (10). Since then, it has been 
further explored by many research groups that transplanted dystrophin-expressing 
myoblasts, either autologous and genetically engineered or derived from a healthy donor. 
6 
As a result of these promising results, a number of clinical trials were initiated in the 1990’s 
on DMD patients, mainly using allogenic transplantation of myoblasts, but despite the 
promising results observed in mdx mice, they failed to bring significant therapeutic benefits 
to the patients. In fact, even though no severe side effects were reported, in the best-case 
scenario only short-lasting dystrophin expression and a slight improvement in muscle 
strength was achieved, see (9) for a review. The discrepancy of the results obtained in 
mouse and in clinical trials emphasized the importance of developing better animal models 
(i.e., immunodeficient and dystrophic) to investigate in vivo the limiting parameters, taking 
into account the specific requirements and behavior of human myogenic progenitors (e.g., 
myoblasts, mesoangioblasts, CD133+, ALDH+, etc. see (9) for a review).  
Currently available immunodeficient dystrophic mouse models used to assess the 
success of human cell transplantation present some drawbacks: maintenance of the 
colony, which may be hampered by excessive immunodeficiency, or rejection of the 
transplanted cells due to unstable immunodeficiency. The most widely used strains are the 
nude/mdx (Foxn1–Dmdmdx) and the scid/mdx (Prkdc–Dmdmdx) mice; the former is only 
partially deficient, since it lacks only T-cells due to thymic dysgenesis, whereas the latter 
has a defect in both T- and B-cell development (11, 12). Importantly, both strains retain 
NK-cell activity, which can give rise to an immune response against the grafted cells. 
Moreover, as scid mice have a ‘leaky’ phenotype, they show the spontaneous production 
of functional lymphocytes with age and increased propensity for thymic lymphoma 
development, both of which limits long-term graft survival (13). These limitations are in 
addition to the problem of revertant fibers formation in the mdx background. 
To avoid the possibility of immune-mediated rejection of human xenografts, mice that 
have stable and complete lymphoid deficiencies have been developed. These are based 
on mice with combined mutations in the recombinase-activating gene 2 (Rag2, which 
blocks T and B cell development (14)) and in cytokine receptors, such as the beta- 
7 
gamma-subunits of the IL-2 receptor gene (Il2rb or Il2rg) that block NK cell development. 
As such, Rag2–Il2rb– and Rag2–Il2rg– mice (15, 16) are completely alymphoid and lack B, 
T and NK cells. These mice have proved useful for the study of human myoblast 
xenografts but require recipient mouse muscle conditioning (cryolesion, toxins) in order to 
create a ‘niche’ for subsequent human muscle fibre development. 
In this report, we have introduced a non-revertant mutant dystrophin (Dmdmdx-!geo; 
harboring an insertion of ROSA!geo vector in the 3’ of exon 63 of the murine Dmd gene) 
onto the Rag2–Il2rb– background. In the Dmdmdx-!geo mouse, !geo is spliced to dystrophin 
exon 63, replacing the sequences encoding the cysteine-rich domain and the C-terminus, 
resulting in a mutation that affects all presently known dystrophin isoforms and prevents 
any dystrophin re-expression and thus completely eliminates the problem of revertant fibre 
formation (17). This new mouse model (Rag2–Il2rb–Dmd–) is therefore highly and stably 
immunodeficient and cannot form revertant dystrophin fibres. 
This study presents a full characterization of the muscle phenotype of this new 
immunodeficient and dystrophic model. As reference we choose the most commonly used 
dystrophic model, the mdx mouse. We show that Rag2–Il2rb–Dmd– mice display 
characteristic dystrophic features: compensatory hypertrophy of hind limb muscles, 
elevated creatine kinase serum levels, intense muscle regeneration, and decreased 
muscle strength. Importantly, we also performed xenotransplantation of human myoblasts 
in this model, showing that Rag2–Il2rb–Dmd– mice are perfectly suited to investigate long-
term xenografts, with maturation of donor-derived muscle fibres, thus making this model 
an ideal candidate to gain further insights into the behavior of human stem cells, the 
feasibility of innovative cell- and gene therapeutic strategies, and the multiple 
consequences of restoring dystrophin in a dystrophic context.
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Results 
We measured whole body weight, Tibialis anterior (TA) and Gastrocnemius (GAS) 
muscle weights of Rag2–Il2rb–Dmd–, mdx and wt age-matched males mice over time 
(Table 1). Global body weight was not statistically different between Rag2–Il2rb–Dmd–, 
mdx and wt strains; however, while TA and GAS muscle weights were comparable 
between Rag2–Il2rb–Dmd– and mdx, they were significantly heavier than wt muscles.  
In order to assess the kinetics of the cycles of degeneration/regeneration in the 
Rag2–Il2rb–Dmd mice we measured serum creatine kinase (CK) levels as an index of 
ongoing muscle membrane instability and evaluated the number of fibres with centrally 
located nuclei that already regenerated as well as the number of fibres expressing 
neonatal MyHC as a marker of ongoing regeneration. Rag2–Il2rb–Dmd mice had high CK 
levels at all time points analyzed, with however some differences in the time course of CK 
levels between Rag2–Il2rb–Dmd and mdx mice (Figure 1A). Mdx mice reached a maximum 
CK level at 8 weeks, whereas Rag2–Il2rb–Dmd– mice had CK values slightly lower than 
mdx until 24 weeks where it reached a maximum. The number of fibres with centrally 
located nuclei evaluated in TA muscles ranged from 35% at 4 weeks up to over 65% after 
12 weeks, comparable to mdx TA muscles (Figure 1B). Neonatal MyHC-staining on TA 
sections (Figure 1C) confirmed a delayed degeneration/regeneration process in Rag2–
Il2rb–Dmd– compared to mdx mice with a statistically significant increase in the number of 
regenerating fibres at 10, 12 and 16 weeks with a maximum at 12 weeks (Figure 1D). 
We then assessed Rag2–Il2rb–Dmd– and mdx mice for absolute maximal force 
generation of the TA at 16 weeks and observed in both cases a 15% decrease compared 
to wt mice (p < 0.05, data not shown). Maximal force was then normalized for muscle 
weight to assess specific maximal force (Figure 2A), which clearly showed a significant 
force deficit in both dystrophic animal models (39% and 34% decrease for mdx and Rag2–
Il2rb–Dmd– respectively, p < 0.001 in both cases). Following a series of lengthening 
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contractions, we further confirmed that the TA muscles of both mdx and Rag2–Il2rb–Dmd– 
mice underwent a progressive and similar force drop, resulting in an overall force deficit of 
~90% when normalized to the initial maximal force (Figure 2B). In contrast, the TA muscle 
of wt mice tolerated this level of contraction-induced muscle injury, decreasing by only 
12%.  
 We next quantified the amount of connective tissue in TA and diaphragm muscles 
of Rag2–Il2rb–Dmd– mice by Sirius Red staining. In the TA, although we found an increase 
of inflammatory cells (neutrophils and macrophages) that correlates with the 
degeneration/regeneration processes (supplementary data), the amount of connective 
tissue were below 10% at all time points (data not shown), whereas a high level of fibrosis 
was observed in the diaphragm at 43 weeks, a value similar to that observed in mdx mice 
(Figure 2C).  
By immunostaining we confirmed that no revertant fibers were ever present in the 
Rag2–Il2rb–Dmd– mouse (Figure 3A). We then investigated the efficacy of 
xenotransplantation of human primary myoblasts in TA muscles of Rag2–Il2rb–Dmd– 
mouse, as a proof of concept for this model to be used to assess the regenerative capacity 
of human cells in a dystrophic and immunodeficient environment. We performed 
intramuscular injections of 5 x 105 cells with and without cryodamage, in order to test the 
natural dystrophic environment versus enhanced degeneration. Immunohistochemical 
analysis of TA muscles 4 weeks after injection using human specific antibodies, revealed 
the presence of mature fibres in both conditions. A higher number of spectrin-positive 
fibers was obtained when the cryodamage was applied, but the difference was not 
statistically significant upon t-test (Figure 3B).  
We also verified if newly formed human-derived muscle fibres were capable of 
expressing human dystrophin. Muscle sections were stained with antibody against human 
spectrin and lamin A/C, in order to identify human fibers and nuclei, and we then detected 
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fibers expressing dystrophin with human specific antibodies (Figure 4A). To further assess 
the properties of dystrophin+ fibers, we checked the localization of the dystrophin-
associated protein complex by immunostaining using human specific antibodies. !-
dystroglycan and !-sarcoglycan were each observed at their proper location, the 
sarcolemma (Figure 4B). Importantly, we also verified whether injected human myoblasts 
could enter the SC pool into the host tissue by staining muscle section with an antibody 
against Pax7. Either mouse or human Pax7-positive cells were found between the 
sarcolemma and the basal lamina in human spectrin+ muscle fibers (Figure 5). Moreover, 




The field of therapeutic strategies for muscular dystrophies includes a very wide 
variety of approaches: pharmacological-therapies, gene-therapy, gene-surgery, cell 
transplantation are different strategies – which can be used individually or in combination – 
that aim to replace, correct or repair the gene or transcript, or providing the missing 
protein, that are being developed to treat muscular dystrophies. 
The variability of the results obtained in cell therapy clinical trials for skeletal muscle 
disorders in terms of clinical benefit for the patient, and the multiple therapeutic cell 
candidates that emerged in the past years –such as Mesoangioblasts, CD133+, ALDH+, 
adipose-derived mesenchymal stem cells, etc. (see (9) (18) (19) for review)– emphasize 
the urgent need to define a reliable animal model to assess and quantify the myogenic 
potential of these human myogenic stem cells within a dystrophic environment.  
Pre-clinical cell-therapy studies are usually limited to intramuscular or systemic 
injections of murine (or eventually canine) myogenic stem cells in mice, but very few 
studies take into account the specificity of human cells. In vivo evaluation of therapeutic 
approaches based on human cells will necessarily involve the use of immunodeficient 
animal models, capable of tolerating xenografts. Consequently, an appropriate animal 
model that would be a good host for injection of human cells into a dystrophic context is 
required. At present, three dystrophic immunodeficient mouse models have been 
described: the nude/mdx (20, 21), the scid/mdx (22) models, and the recently made 
Rag/mdx mouse model (23). All three murine models lack dystrophin but their 
immunodeficient phenotype is not complete, since the genetic mutations harbored by 
these mouse models do not affect the NK-cell activity (14, 24, 25). This latter point 
appears important for human myoblast transplantation efficiency (26), as the NK-cell 
activity participates in death of the grafted cells (27). One additional drawback of all of 
these models is the fact that they are all crossed into the mdx background and 
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consequently the muscles will contain revertant fibers (6), which can bias the readout 
based on the amount of dystrophin expressing fibres (28). 
In the present study we describe the characterization of a newly developed Rag2–
Il2rb–Dmd– immunodeficient mouse model, which lacks T, B and NK cell activity (15). The 
initial analyses were focused on body and muscle weights, showing that the compensatory 
hypertrophy described in the mdx model is also present in Rag2–Il2rb–Dmd– mice; 
measurements were very similar between the two strains (Table 1), although some 
statistically significant differences could be observed in body weights at discrete time-
points (i.e., 4 and 6 weeks). 
Positive confirmation of a dystrophic condition was also provided by the 
measurement of circulating creatine kinase, where both dystrophic models showed the 
highly elevated levels caused by the membrane leakage induced by dystrophin deficiency. 
A crucial point for assessing the regenerative capacity of human progenitors is to 
know precisely the natural kinetics of regeneration of the host. We quantified this 
parameter by counting the number of centrally nucleated (CN) and neonatal MyHC+ fibers 
(Figure 1, B and D). In both mouse models, the percentage of fibers with non-peripheral 
nuclei progressively increases over time, as a result of at least one degeneration-
regeneration cycle, and reached a plateau around 24 weeks, in agreement with the 
literature concerning the mdx model (29). As for neonatal MyHC, most of the muscles of 
Rag2–Il2rb–Dmd– mice showed a higher percentage of fibers expressing neonatal MyHC, 
indicating that there was more active regeneration between 10 to 16 weeks of age 
compared to the mdx model, as shown in Figure 1D and supplementary data. This means 
a 6-week long period of intensive regeneration, as opposed to a shorter 2-week long 
interval around the age of 3 weeks in the mdx mouse (29). This wider window of intense 
regeneration in our new model could be due to the nature of the genetic mutation which 
combines a complete knock out of dystrophin expression inducing repeated cycles of 
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muscle regeneration, although we cannot rule out a potential effect of the 
immunodeficiency in this delay. 
Two functional hallmarks of the dystrophic phenotype in the mdx mouse are reduced 
specific muscle force and decrease resistance upon multiple lengthening contractions. We 
compared these two parameters between Rag2–Il2rb–Dmd– and mdx mice, and we found 
that the two strains had very similar deficits, as shown in Figure 2. 
As several studies suggested a correlation between inflammatory response and 
fibrosis (30, 31), it could be expected that there would be less fibrosis in our new murine 
model deficient for both T and B cells, as it has been previously described in mdx mice 
lacking either T cells (21), or both T and B cells (32). Even if the infiltration of the residual 
inflammatory cell populations (i.e. macrophages and neutrophils) correlates with 
degeneration/regeneration processes (supplementary data), our quantification of the 
fibrotic deposition in the diaphragm muscle – a known hallmark for the progression of 
degenerative changes occurring in aged mdx mice (33) – revealed similar results in both 
dystrophic models (43% in the mdx and 37% in the Rag2–Il2rb–Dmd–, p < 0.05). The 
complete absence in our model of both lymphocyte populations as well as NK cells, did 
not influence fibrosis; the slight difference observed between the two models is potentially 
due to the delay in the timing of muscle regeneration, which starts at 10 weeks of age in 
Rag2–Il2rb–Dmd– mice instead of 3 weeks in the mdx. Altogether, our results indicate that 
Rag2–Il2rb–Dmd– mice still have an important ongoing fibrotic process in certain muscles 
despite their lack of most inflammatory cells and suggest that B, T and NK cells 
deficiencies do not seem to be involved in the development of fibrosis in the diaphragm in 
dystrophic mice; the slight difference observed between the two models is potentially due 
to the delay in the peak of muscle regeneration we discussed above. 
At a molecular level, we confirmed the complete absence of dystrophin, which in turn 
caused the deficiency of !-dystroglycan (Figure 3A), !-sarcoglycan and "-sarcoglycan 
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proteins (data not shown). Importantly, we also confirmed the complete lack of revertant 
fibers in Rag2–Il2rb–Dmd– mice, confirming that the Dmdmdx-!geo allele completely inhibits 
the production of truncated forms of dystrophin, contrary to what is classically observed for 
the mdx murine model ((34) and Figure 3A). The absence of revertant fibers will be a very 
important factor when evaluating the efficacy of therapeutic approaches since their 
presence will confound the quantification of the dystrophin+ fibers, as we would not know if 
they had reacquired the expression of dystrophin because of their “revertant” phenotype or 
due to the therapy that has been applied. An example of such problem goes back to the 
pioneer studies using bone marrow-derived myogenic cells, which turned out to be less 
efficient in restoring dystrophin than the natural reversion phenomena (35). 
Finally, we tested our Rag2–Il2rb–Dmd– model as a recipient for human cell 
transplantation by direct intramuscular injection. Primary human myoblasts integrated into 
the host muscle tissue and contributed to the generation of new muscle fibers expressing 
human proteins, where the only trigger was the natural existing dystrophic condition. 
Fibers that integrated human myoblasts were able to express and properly localize the 
human dystrophin and dystrophin-associated proteins at the sarcolemma. Moreover, 
transplanted cells could become part of the SC pool into the host tissue, as shown by the 
Pax7 immunostaining in Figure 5. Either mouse or human SCs were found between the 
sarcolemma and the basal lamina in human spectrin+ muscle fibers. In addition, human 
lamin A/C+ Pax7+ SCs were also found within mouse muscle fibers (data not shown), 
suggesting that human SCs recognize and interact with the mouse SC niche. 
 Previous studies into non-dystrophic immunodeficient mice showed that without 
external stimuli (e.g., cryodamage, toxin injection, irradiation, etc.) the simple injection of 
human cells generated very few fibers, if any (26) (36). In our context, when cryodamage 
was applied higher, although not statistically significant, numbers of spectrin+ fibers and 
human lamin A/C+ nuclei were obtained but the difference was not statistically significant. 
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These results suggest that no additional damage is needed to assess the integration of 
human myoblasts in muscle fibers. The clear advantage of this mouse model is that we 
can analyze and study human cell behavior into a natural and physiologic dystrophic 
environment, whereas the results previously obtained with other dystrophic and 
immunodeficient mice, such as the nude/mdx, were optimal only after pre-treatment of the 
recipient’s muscle by either irradiation (20) or cryodamage (37). 
The Rag2–Il2rb–Dmd– mouse model carries a complete immunodeficient phenotype, 
lacking T- and B-cells, as well as the NK cell activity. In addition, it carries a new Dmd 
allele, which prevents the production of any truncated dystrophin. Both these features 
make this a superior model compared to the models that are presently available, and 
provide an appropriate model that do not require muscle conditioning to evaluate the graft 
efficiency of human myogenic stem cells, whether they are grafted intra-muscularly or 
systemically, in order to assess and optimize human-targeted therapeutic strategies for 
muscular dystrophies. 
Altogether, these data confirm that our Rag2–Il2rb–Dmd– model presents a clear 
dystrophic phenotype that is comparable to what is observed in the mdx mouse, and will 
be even better for stem cell assessment thanks to its complete immunodeficient 




Rag2–Il2rb–Dmd– mice were generated by intercrossing Rag2–Il2rb– mice (38) with 
Dmdmdx-!geo mice (17). Mice bearing homozygous mutant alleles for all three genes were 
identified by genotyping DNA from tail clips (primer sequences available upon request). 
Two strains of dystrophic mice were used in this study: Rag2–Il2rb–Dmd–, C57BL10ScSn-
Dmdmdx/J (mdx) and C57BL/6J (wt), the latter used as age-matched controls. All 
experiments were carried out in the specific pathogen-free (SPF) animal facilities at the 
Faculty of Medicine of the University Pierre and Marie Curie (UPMC, Paris, France). Age-
matched mice of each strain were sacrificed at different ages (4, 6, 8, 10, 12, 16, 24 and 
43 weeks; at each time points n ! 6). All experiments were performed in accordance with 
the legal regulations in France and European Union ethical guidelines for animal research. 
 
Histology and Immunohistochemistry 
For histological and immunohistochemical analyses, Tibialis anterior (TA), Extensor 
Digitorum Longus (EDL), Gastrocnemius, Soleus and diaphragm muscles, were dissected, 
mounted in gum tragacanth (6% in water; Sigma–Aldrich, St. Louis, MO) on cork supports, 
frozen in isopentane pre-cooled in liquid nitrogen and stored at -80°C until sectioning. The 
amount of total (endomysial plus perimysial) connective tissue was determined by Sirius 
red staining on 10 µm-thick transverse cryosections of the tibialis anterior and diaphragm 
muscles. 
 For immuno-histochemical analyses of muscle, cryosections were fixed with 4% PFA 
for 10 minutes  (min) at room temperature (RT), washed twice in PBS and non specific 
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binding was blocked in 1% BSA/PBS for 30 min at RT. Sections were then incubated with 
different primary antibodies: neonatal myosin heavy chain (neonatal MyHC) (rabbit 
polyclonal antibody, produced by G.S. Butler-Browne as previously described (39)), 
laminin (rabbit polyclonal, 1:400, Dako, Trappes, France), !-sarcoglycan (NCL-b-SARC, 
clone ! Sarc/5B1, mouse monoclonal IgG1, 1:100, Novocastra, Newcastle upon Tyne, 
UK), dystrophin (rabbit polyclonal, 1:500, Thermo Fisher Scientific, Fremont, CA). After 
incubation with the primary antibodies for 1h at RT or at 4°C over night (ON), sections 
were washed twice for 10 min in PBS and the primary antibody staining was visualized 
with appropriate fluorochrome-conjugated secondary antibodies. The secondary 
antibodies used in this study were Alexa Fluor 488 goat anti-mouse IgG (1:500, Molecular 
Probes, Montluçon, France), Alexa Fluor 488 goat anti rabbit (1:400, Molecular Probes) 
and Cy3- goat anti-rabbit (1:400, Jackson Immunoresearch, West Grove, PA). For analysis 
of muscle regeneration, transverse sections were used for double immunochemistry: 
immunostaining with laminin was performed ON and was followed by incubation with a 
Cy3- conjugated goat anti-rabbit secondary antibody. Afterwards, polyclonal antibody 
raised against neonatal MyHC was applied for 1h at RT and visualized with an Alexa Fluor 
488 goat anti-rabbit antibody. 
For the quantification of the immune infiltrate, cryosections were incubated 1h at RT 
with F4/80 (biotinilated rat monoclonal, clone A3-1, 1:50, AbD Serotec, Oxford, UK) or 
neutrophil Ly6g (rat monoclonal IgG2b, clone RB6-8C5, 1:50, Abcam, Cambridge, UK). 
The secondary antibodies used were: streptavidine conjugated Cy3 (1:400, Molecular 
Probes) and Cy3- goat anti-rat (1:300, Jackson Immunoresearch), respectively. 
 To visualize nuclei, the sections were mounted in medium (DakoCytomation 
Fluorescent mounting Medium, S3023) containing Hoechst (bis-benzimide, 0.0001% w/v, 
No. 33258; Sigma-Aldrich).  
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In order to identify injected human cells and fibers expressing human proteins, 
immunohistochemical analyses were performed on 5 µm thick transverse cryosections, 
incubating muscle sections with the following human-specific antibodies directed against: 
lamin A/C (clone JOL2, mouse monoclonal IgG1, 1:300, Abcam), and spectrin (NCL-
Spec1, clone RBC2/3D5, mouse monoclonal IgG2b, 1:50, Novocastra). The secondary 
antibodies used were Cy3-conjugated goat anti-mouse IgG1 (1:500; Jackson 
ImmunoResearch), Alexa Fluor 488 goat anti-mouse (1:500; Molecular Probes) and Alexa 
Fluor 488 goat anti-mouse IgG2b (1:300; Molecular Probes).  
To visualize the expression of dystrophin by human fibers, cryo-sections were first 
stained with spectrin (NCL-Spec1) and lamin A/C (clone 636, mouse monoclonal IgG2b, 
1:400, Novocastra) to identify human fibers, and subsequently stained with human specific 
MANDYS 102 (clone 7D2, mouse monoclonal IgG2a, 1:5, Developmental Studies 
Hybridoma Bank (DSHB), University of Iowa, Iowa City, IA), and MANDYS 106 (clone 
2C6, mouse monoclonal IgG2a, 1:4, DSHB). To verify whether injected human cells also 
entered the satellite cell pool, sections were stained with an antibody against Pax7 (mouse 
monoclonal, IgG1, 1:20, DSHB). The secondary antibodies used were Alexa Fluor 488 
goat anti-mouse IgG2b, Alexa Fluor 594 goat anti-mouse IgG2a (1:300, Molecular 
Probes), and Cy3-conjugated goat anti-mouse IgG1 (1:500; Jackson ImmunoResearch).  
To verify the colocalization of dystrophin and dystrophin-associated proteins, serial 
cryo-sections were stained with lamin A/C (clone JOL2, mouse monoclonal IgG1, 1:300, 
Abcam), with dystrophin MANEX1216A (clone 5A4, mouse monoclonal IgG2a, 1:100, 
DSHB) or dystrophin MANDYS107 (clone 4H8, mouse monoclonal IgG2b, 1:100, DSHB), 
and with !-sarcoglycan (clone RO-17, mouse monoclonal IgG2b, undiluted, Santa Cruz) or 
!-dystroglycan (MANDAG2, clone 7D11, mouse monoclonal IgG1, 1:100, developed by 
Morris, G.E.). The secondary antibodies used Alexa fluor 488 goat anti-mouse IgG1 
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(1:400, Molecular probes), Alexa fluor 488 goat anti-mouse IgG2a (1:400, Molecular 
probes) and Alexa fluor 594 goat anti-mouse IgG2b (1:400, Molecular probes).  
 
Image acquisition and analysis 
For histological analyses, the amount of fibrotic tissue was quantified from Sirius Red 
stained cryo-sections on at least three randomly selected fields from each muscle section. 
For each field, the area occupied by connective tissue was measured using the 
MetaMorph imaging system (Roper Scientific, Tucson, AZ, USA) software and expressed 
as a percentage of the total muscle section area. For immunohistochemical analyses, 
montage images of the whole transverse section of the EDL and soleus muscles were 
acquired using the motorized stage of the Zeiss Imager.Z1 microscope (Carl Zeiss, 
Oberkochen, Germany) and digitalized using a CCD camera (Hamamatsu ORCA-ER; 
Shizuoka, Japan). For the TA and gastrocnemius, three digital pictures (10-fold 
magnification) were randomly acquired over the muscle section, using an Olympus BX60 
microscope (Olympus Optical, Hamburg, Germany) and digitalized using a CCD camera 
(Photometrics CoolSNAP fx; Roper Scientific). Images of human nuclei and of fibers 
expressing human proteins within the injected muscles were acquired with a confocal FV-
1000 microscope (Olympus) and digitalized with its dedicated software. All of the digital 
pictures were then analyzed using the MetaView image analysis system (Universal 





Human myoblast culture and transplantation 
Myoblasts isolated from the quadriceps muscle of a 5-day-old infant – isolated as 
already described (40) – were used in accordance with the French legislation on ethical 
rules. Cells were grown in Ham’s F10 growth medium (Life Technologies, Saint Aubain, 
France) supplemented with 50 !g/ml of gentamycin (Life Technologies) and 20% foetal 
calf serum (Life Technologies) at 37°C in a humid atmosphere containing 5% CO2. At each 
passage, the number of divisions was calculated according to the formula: ln (N/n) / ln 2, 
where «N» is the number of cells counted and «n» is the number of cells initially plated. All 
experiments were performed using cell populations between 20 and 25 PDLs since 
isolation, in order to avoid any bias linked to proliferative ageing.  
12-week-old Rag2–Il2rb–Dmd– mice were used as recipients for human cell 
transplantation. Mice were anesthetized with an intraperitoneal injection of ketamine 
hydrochloride (80 mg/kg) and xylazine (10 mg/kg) (Sigma-Aldrich) as described previously 
(41), in accordance with the French legislation. In one group of animals, recipient TAs 
(n=3) were exposed and subjected to three cycles of muscle freezing–thawing for 10 
seconds each to induce severe muscle damage and trigger regeneration (26). Immediately 
after cryodamage, human myoblasts (15µl cell suspension containing 5 x 105 cells in PBS) 
were injected, using a 25-µl Hamilton syringe, in a single midpoint site along the 
longitudinal axis of the TA and the skin was then closed using a fine suture. In a second 
group of animals, undamaged TAs (n=5) were injected using the same procedure. At 4 
weeks after transplantation, mice were killed by cervical dislocation and TA muscles were 
collected as described above. Surgical procedures were performed in accordance with the 





Blood was collected by orbital sinus bleeding using heparinized hematocrite tubes 
and centrifuged for 12min at 12,000 rpm at 4°C. Serum samples were stored at -80°C prior 
to analysis, and CK activity was determined by the CK NAC-activated kit (Randox 
Laboratories Ltd., Co. Antrim, UK) with the BioTek PowerWave 340 (BioTek UK, 
Bedfordshire, UK). The plot was created using JMP 10 software (SAS Institute Inc.,!Cary, 
NC, USA) to display a smoothing spline (cubic with lambda of 0.05). 
 
Measurements of muscle contractile properties 
Contractile properties of the TA muscles were evaluated by measuring the in situ 
isometric muscle contraction in response to nerve stimulation as described previously (42). 
Mice were anesthetized using a pentobarbital solution (i.p. 60 mg/kg). The knee and foot 
were fixed with clamps and the distal tendon of the TA muscle to a lever arm of a 
servomotor system (305B, Dual-Mode Lever, Aurora, Canada). The sciatic nerve 
(proximally crushed) was stimulated by a bipolar silver electrode using supramaximal (10 
V) square wave pulse of 0.1 ms duration. All isometric contraction measurements were 
made at an initial muscle length of L0 (length at which maximal tension was obtained 
during the twitch). Absolute maximal force was measured during isometric contractions in 
response to electrical stimulation (frequency of 100-150Hz, train of stimulation of 500 ms). 
Specific maximal force was calculated by dividing absolute maximal force by muscle 
weight measured just after the force test. The in situ contraction-induced injury protocol for 
the TA muscle used in this study was similar to that described previously (43). The sciatic 
nerve was stimulated for 700 ms (frequency of 125 Hz). An isometric contraction of the TA 
muscle was initiated during the first 500 ms. Then, muscle lengthening (1.1 mm, about 
10% Lf) at a velocity of 5.5 mm/s (about 0.5 Lf/s) was imposed during the last 200 ms. Ten 
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lengthening contractions of the TA muscle were performed, each separated by a 60 s rest 
period. The "force deficit" after eccentric contraction-induced damage was determined by 
calculating the difference between the P0 measured 1 min after the lengthening 
contractions and the P0 determined before lengthening contractions and was expressed 
as a percentage of P0 before damage. 
 
Statistical analysis 
Data are presented as the mean of the different animals ± SEM. All statistical 
analyses were carried out using GraphPad Prism (version 4.0b; GraphPad Software, San 
Diego, CA). All statistical analyses were performed using either the Student t-test, or the 
ANOVA one-way analysis of variance followed by the Newman – Keuls post-test. P values 
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Table 1 
BODY WEIGHT (g) MUSCLE WEIGHT (mg)
TA GAS








21.6 ± 1.0 16.4 ± 0.7 14.5 ± 0.9* !!! 34.9 ± 2.9 27.6 ± 1.4!! 22.3 ± 2.0*!!! 88.7 ± 10.7 67.1 ± 3.0! 52.8 ± 7.1!
22.7 ± 0.3 21.9 ± 1.3 25.0 ± 1.4* ! 36.4 ± 3.3 44.9 ± 7.7 48.1 ± 2.9! 83.8 ± 2.0 103.6 ± 15.0! 108.3 ± 6.4*!!!
23.3 ± 2.2 26.3 ± 2.3 26.0 ± 1.8 47.4 ± 2.0 62.9 ± 1.2!! 54.9 ± 6.4! 116.7 ± 15.2 143.9 ± 34.7 132.4 ± 14.1
25.7 ± 0.7 31.1 ± 1.6!!! 32.9 ± 2.3!!! 48.9 ± 4.4 73.8 ± 8.8!! 75.2 ± 14.3!! 128.6 ± 8.7 185.1 ± 16.7!!! 136.1 ± 12.1!!!
31.6 ± 2.6 32.5 ± 0.5 34.3 ± 0.6 52.2 ± 4.7 78.6 ± 9.7!! 89.2 ± 4.4!!! 120.2 ± 16.6 205.3 ± 12.9!! 179.0 ± 33.4!!
36.9 ± 4.7 34.4 ± 2.4 33.4 ± 2.3 52.9 ± 4.1 83.3 ± 6.1!!! 79.8 ± 10.1!!! 134.7 ± 13.1 199.7 ± 24.9!! 147.9 ± 12.0!!
27.3 ± 2.3 36.6 ± 2.3! 34.6 ± 3.9! 48.4 ± 6.7 93.1 ± 9.9!! 83.9 ± 12.5!! 123.0 ± 8.1 181.7 ± 22.1! 165.0 ± 23.2!
Table 1.
Body weights. Mean ± SEM are shown for each mouse model and for each age group (n ! 3). Differences between dystrophic strains are indicated as follow:
 * p < 0.05, *** p < 0.001 compared to mdx, ! p < 0.05, ! !  p < 0.01, ! ! ! p < 0.001 compared to wt control. 
Muscle Weights. Mean ± SEM are shown for Tibialis anterior (TA) and Gastrocnemius (GAS) muscles, for male animals of each mouse model, and for each 
age group (n ! 3). Differences between dystrophic strains are indicated as follow: * p < 0.05, *** p < 0.001 compared to mdx, ! p < 0.05, ! !  p < 0.01, ! ! ! p 
< 0.001 compared to wt control. Measurement of body and skeletal muscles weights of dystrophic and 
control strains.!
Body weights. Mean ± SEM are shown for each mouse model and for each age 
group (n ! 3). !
Muscle Weights. Mean ± SEM are shown for Tibialis anterior (TA) and 
Gastrocnemius (GAS) muscles, for male animals of each mouse model, and for 
each age group (n ! 3). Differences are indicated as follow: * p < 0.05, compared 
to mdx; ! p < 0.05, ! !  p < 0.01, ! ! ! p < 0.001 compared to wt control.  
Figure 1 
Evaluation of Creatine Kinase (CK) levels  and chronology of regeneration 
Time course representation of the CK serum levels of Rag2–Il2rb–Dmd– mice 
compared to to mdx (A). Evaluation (C) and quantification (B and D) of the 
regeneration process in muscles of Rag2–Il2rb–Dmd– mice compared to mdx: 
muscle sections from 12 weeks old mice stained for neonatal MyHC (green), 
laminin (red) and nuclei (blue). Numbers of fibers with central nuclei or 
expressing the neonatal MyHC protein are expressed as percentage of the total 
number of fibers; error bars are shown as mean ± SEM (n ! 6).  * p < 0.05, ** p < 
0.01. Scale bar 200 µm.  
Figure 2 
Measures of muscle force and analysis of fibrosis deposition. 
Tibialis anterior muscles of 16 weeks old Rag2–Il2rb–Dmd– mice were analyzed 
for their specific maximal force compared to mdx (A); muscles from wt animals 
were used as age-matched controls. Dystrophic and control muscles were 
assessed for force drop following a series of 9 lengthening contractions. The 
extent of force drop over successive lengthening contractions was measured and 
is presented as the percentage of the initial maximal force (B). Diaphragm 
muscle sections of 43 weeks old Rag2–Il2rb–Dmd– and mdx mice were stained 
with Sirius Red to evaluate the fibrosis deposition, muscles from wt animals were 
used as age-matched controls. Total amount of connective tissue (endomysial 
plus perymisial) is expressed as percentage of the total muscle area (C). Error 
bars are shown as mean ± SEM (n ! 5). ** p < 0.01, *** p < 0.001 compared to 
wt.  
Figure 3 
Proof of concept of human myoblast transplantation into the tibialis 
anterior of Rag2–Il2rb–Dmd– mice. 
Sections of TA muscle from Rag2–Il2rb–Dmd– and mdx mice were stained for 
dystrophin and !-dystroglycan (green) and nuclei (blue) to verify the presence of 
revertant fibers (A). Scale bar 100 µm. 
Human myoblasts contributed to the generation of new muscle fibres following 
injection into TAs of Rag2–Il2rb–Dmd– mice (B). Spectrin antibody (green) is used 
to identify human specific muscle fibres. Human nuclei are identified with a 
human-specific lamin A/C staining (red, white arrows in middle panel in B) among 
all nuclei (hoechst, blue), and are found either within human fibers or located in 
the interstitial space. As expected, injection of human myoblast after cryodamage 
results in an higher number of Spectrin+ fibers (right panel, B). Magnification x20 
(left-panel) or x60 (middle-panel) in B.  
Figure 4 
Restoration of the DCG complex by human transplanted cells. 
Human fibers, identified by human-specific antibodies against Spectrin and 
Lamin A/C (green), were also positive for human dystrophin (red, A). 
Human dystrophin+ fibers colocalize with !-dystroglycan (upper row, B). Human 
nuclei are identified with a human-specific lamin A/C staining (middle panel, 
upper row, B). Dystrophin and !-dystroglycan are stained with human specific 
antibodies. In the lower row is shown the colocalization of dystrophin and !-
sarcoglycan in human dystrophin+ fibers. Human nuclei are identified with a 
human-specific lamin A/C staining (middle panel). The colocalization of 
dystrophin and !-sarcoglycan was determined using human specific antibodies. 
All nuclei were counterstained using Hoechst (blue channel). Magnification x100 
in A and B.  
Figure 5 
Transplanted human myoblasts enter the endogenous SC pool. 
Immunofluorescence analyses using antibodies directed against human lamin A/C 
and spectrin (green), Pax7 (blue), and laminin (red). Either mouse lamin A/C– 
Pax7+ (top panel) or human lamin A/C+ Pax7+ (bottom panel) SCs localized 
between spectrin and basal lamina (arrowheads). Magnification x40.  
SUPPLEMENTARY DATA 
Figure S1 
Analysis of muscle regeneration 
Quantification (A and B) of the chronology of regeneration in EDL and 
Soleus muscles of Rag2–Il2rb–Dmd– mice compared to mdx. Numbers of 
fibers with central nuclei or expressing the neonatal MyHC protein are 
expressed as percentage of the total number of fibers.  
Error bars are shown as mean ± SEM (n ! 6).  * p < 0.05, ** p < 0.01.  
SUPPLEMENTARY DATA 
Figure S2 
Quantification of immune infiltrate into TA muscle 
The number of neutrophils and macrophages was quantified in TA 
muscle sections of Rag2–Il2rb–Dmd– mice. Immunodeficient mice 
present a peak of neutrophils at 10 weeks (A), which correlates with the 
beginning of the peak of regeneration. The number of macrophages 
instead is more stable over the time points analyzed (B). Error bars are 
shown as mean ± SEM (n ! 3). 
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Current advances in cell therapy
strategies for muscular
dystrophies
Elisa Negroni, Denis Vallese, Jean-Thomas Vilquin, Gillian Butler-Browne,
Vincent Mouly & Capucine Trollet†
Unite´ The´rapies des Maladies du muscle strie´, Institut de Myologie, Paris, France
Introduction:Muscular dystrophies are a heterogeneous group of genetic dis-
eases characterized by muscle weakness, wasting and degeneration. Cell ther-
apy consists of delivering myogenic precursor cells to damaged tissue for the
complementation of missing proteins and/or the regeneration of new
muscle fibres.
Areas covered: We focus on human candidate cells described so far (myo-
blasts, mesoangioblasts, pericytes, myoendothelial cells, CD133+ cells, alde-
hyde-dehydrogenase-positive cells, mesenchymal stem cells, embryonic stem
cells, induced pluripotent stem cells), gene-based strategies developed to
modify cells prior to injection, animal models (dystrophic and/or immunode-
ficient) used for pre-clinical studies, and clinical trials that have been per-
formed using cell therapy strategies. The approaches are reviewed in terms
of feasibility, hurdles, potential solutions and/or research areas from where
the solution may come and potential application in terms of types of
dystrophies and targets.
Expert opinion: Cell therapy for muscular dystrophies should be put in the
context of which dystrophy or muscle group is targeted, what tools are avail-
able at hand, but even more importantly what can cell therapy bring as com-
pared with and/or in combination with other therapeutic strategies. The
solution will probably be the right dosage of these combinations adapted
to each dystrophy, or even to each type of mutation within a dystrophy.
Keywords: animal model, cell therapy, gene therapy, muscular dystrophy,
regenerative medicine, skeletal muscle, stem cell, transplantation
Expert Opin. Biol. Ther. (2011) 11(2):157-176
1. Introduction
1.1 Skeletal muscle and associated dystrophies
Adult skeletal muscle is a very stable tissue [1] made up of billions of contractile units
called muscle fibres. These muscle fibres are postmitotic plurinucleated cells, bound
together by connective tissue through which run blood vessels and nerves. Muscle
tissue accounts for 40 -- 50% of body mass in adults, and has more than 80 associ-
ated monogenic pathologies. Among these, the muscular dystrophies are a heteroge-
neous group of genetic muscle diseases affecting both children and adults and
characterized by muscle weakness, muscle wasting and in some cases degeneration.
Over the past 20 years, more than 30 genetically distinct types of muscular
dystrophy have been identified [2,3].
Duchenne muscular dystrophy (DMD), the most common form of muscular
dystrophy, is an X-linked genetic disease affecting 1 in 3500 male births. DMD is
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caused by mutations in the dystrophin gene encoding an
essential protein required for the dystrophin--glycoprotein
complex forming a strong link between the cytoskeleton and
the extracellular matrix. Dystrophin is responsible for the
maintenance of muscle fibre integrity, mediation of cyto-
plasmic signaling cascades and muscle function [4-6]. Muta-
tions resulting in the expression of a truncated but partially
functional dystrophin cause a less severe form called Becker
Muscular Dystrophy (BMD).
Other muscular dystrophies are caused by mutations in
genes encoding a variety of proteins located in the extracellu-
lar matrix (collagens, laminins), at the plasma membrane
(dystroglycans, sarcoglycans, integrins, dysferlin), in the cyto-
plasm (fukutin related protein (FKRP), calpain 3, dystrophia
myotonica-protein kinase (DMPK), desmin), at the sarco-
mere (titin), in the nucleus (lamin A/C, poly(A) binding pro-
tein, nuclear 1 (PABPN1), emerin) of striated muscle cells, as
well as mutations for which no protein target has been identi-
fied. These dystrophies include limb-girdle (LGMD), con-
genital (CMD), facioscapulohumeral (FSHD), myotonic
types 1 and 2 (DM1, DM2), oculopharyngeal (OPMD), dis-
tal (DD), Emery-Dreifuss (EDMD) muscular dystrophy and
many others (see http://www.musclegenetable.org/for an
updated table of genetic neuromuscular disorders).
1.2 Therapeutic strategies for muscular dystrophies
So far there is no corrective strategy that shows any clinical
benefit for any of the muscular dystrophies. Conventional
treatments include supportive care (surgery, corticosteroid
administration, medication, physiotherapy etc.) that partially
reduces signs and symptoms. However such therapies do not
reverse the phenotype nor directly target the disease mecha-
nism responsible for the pathology. Over the past few years,
considerable progress has been made to increase our under-
standing of these mechanisms, to help us have a better under-
standing of muscle genetics and pathophysiology as well as of
the molecular and cellular partners involved in these muscular
dystrophies, allowing new therapeutic strategies to be investi-
gated [2]. These strategies include pharmacological [7,8], gene-
based [9,10] and cell-based strategies. Gene therapy consists of
the introduction of a therapeutic nucleic acid (DNA, RNA,
oligonucleotides) into targeted cells for gene replacement,
gene repair or control of gene expression, via the use of viral,
non-viral or cell-based vectors. Whereas gene therapy is in
theory the simplest approach for the treatment of genetic dis-
eases such as muscular dystrophies, in practice this therapy
faces several hurdles that still need to be improved such as
muscle targeting (cellular tropism), systemic delivery, ectopic
gene expression, immune modulation against the vector and
the transgene expression product itself, vector design and pro-
duction [11,12]. Cell therapy is based on the delivery of precur-
sor cells (autologous or heterologous) that will contribute to
the regeneration of muscle fibres and tissue repair. Cell ther-
apy can be a form of gene therapy itself, if the functional
gene or protein (dystrophin for example), of natural or exog-
enous origins, is directly delivered using cells as vectors. In
this review limited to skeletal muscle treatment (excluding
cardiac and smooth muscle studies) we focus on the candidate
cells studied for cell therapy, the genetic manipulation strate-
gies developed to eventually modify cells prior to injection,
the dystrophic and/or immunodeficient animal models for
efficient pre-clinical studies, and the hurdles that will need
to be solved for efficient clinical trials (Figure 1).
2. Human candidate cells
Several criteria have to be combined to obtain the ideal cell
candidate, which must: i) exist in humans (and not only in
mice), ii) harbor a myogenic potential, iii) display homing
capacities to sites of degeneration, iv) demonstrate high effi-
ciency in cell motility in the target tissue, v) be easy to isolate
and amplify under clinical conditions, and vi) preferably in an
autologous context. Several types of precursor cells have been
considered for cell therapy [13,14] and will be discussed in this
section divided into: i) muscle satellite cells, or ii) other cell
types including muscle-resident and circulating progenitors,
mesenchymal stem cells, embryonic stem cells, and induced
pluripotent stem (iPS) cells. We focus on recent advances
and new findings on human stem cell research for
neuromuscular diseases. However a few recent studies carried
Article highlights.
. Muscle tissue accounts for 40 -- 50% of body mass in
adult’s and more than 30 genetically distinct types of
muscular dystrophy have been identified over the past
20 years.
. Cell therapy is based on the delivery of myogenic cells
that contribute to tissue repair.
. The ideal cell candidate must be easy to isolate, harbor
a myogenic potential, display homing capacities to sites
of degeneration, demonstrate high efficiency in cell
motility in the target tissue, and amplify in clinical
conditions, and preferably in an autologous context.
. Human candidate cells described so far include
myoblasts, mesoangioblasts, pericytes, myoendothelial
cells, CD133+ cells, aldehyde dehydrogenase-positive
cells, mesenchymal stem cells, embryonic stem cells and
induced pluripotent stem cells.
. A number of combined therapeutic strategies for
autologous cell transplantation of genetically corrected
stem cell populations have been developed including
exon skipping, gene replacement, gene repair.
. The evaluation in vivo of a cell-therapy approach based
on injections of human cells involves the use of
dystrophic and immunodeficient animal models.
. So far, using amplified myoblasts, only small amounts of
skeletal muscle tissue could be obtained at the injected
sites in various clinical trials, mostly centered
on Duchenne muscular dystrophy.
. The time when researchers were isolated in their
respective research areas is over, and we should think now
of combined therapeutic gene and cell-based approaches.
This box summarizes key points contained in the article.
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out in mice allowing outstanding elucidation of satellite cell
behavior and muscle pathophysiology are also summarized.
2.1 Human satellite cells
2.1.1 Discovery and molecular markers
Obvious candidates for muscle stem cell therapy, myoblasts
were transplanted for the first time in mice in the 70s, to dem-
onstrate the proof of concept that donor myogenic cells could
be incorporated into regenerating recipient muscles [15-18].
First discovered in 1961 by Katz and Mauro in muscles of
the frog and rat [19,20], satellite cells are mononucleated cells
located beneath the basal lamina of each skeletal muscle fibre,
a syncytium composed of hundreds of postmitotic myonuclei.
In mature healthy skeletal muscle, satellite cells are in a qui-
escent state and can be activated in response to muscle injury
and/or disease or during muscle activity such as exercise or
stretching [21]. After activation, satellite cells proliferate exten-
sively generating a large number of cells called myoblasts that
differentiate rapidly to form multinucleated myofibres.
A small number of cells do not undergo terminal differentia-
tion but restore the reserve pool of quiescent satellite cells
available to mediate further muscle regenerations [22]. Abun-
dant at birth, satellite cell number decreases through life
both in mice [23] and in humans [24]. Satellite cells were first
identified using electron microscopy, but the development of
new techniques and new antibodies allow their identification
by light microscopy. A number of molecular markers have
been reported to identify satellites cells (quiescent, activated
or proliferating) in mouse, including the paired box transcrip-
tion factor Pax7, the adhesion molecule M-cadherin, the
sialomucin surface receptor CD34, integrin a7b1 and the
transmembrane heparan sulfate proteoglycan syndecan 3
and 4 [22,25]. Due to species-specific differences in antigen
epitopes, protein functions or molecular differentiation cas-
cades, human muscle cells have been less documented than
their murine counterpart. CD34, for example, does not recog-
nize human satellite cells. Among the most reliable markers
used to identify human satellite cells are CD56 (also known
as neural cell adhesion molecule (NCAM)), a cell adhesion
molecule that however is not satellite-cell-specific, also label-
ing NK cells, and Pax7, a nuclear transcription factor. The
association of these two markers (CD56 and Pax7) with a
laminin staining of the basal membrane seems to be the
most valid way to identify human satellite cells in their
in vivo niche (Table 1 and Figure 2, [25,26]), and confirms
pre-existing observations about the phenotypic [27] and
functional [28,29] heterogeneity of human satellite cells, as
previously demonstrated in mouse satellite cell populations.
2.1.2 Pre-clinical studies using muscle satellite cells
In DMD patients, the continuous cycles of muscle degenera-
tion and regeneration rapidly exhausts the satellite cell reserves
leading to a loss of regenerative capacity and compromised
muscle function [30]. Myoblasts are well-characterized
Pre-clinical studies in animal models
Isolation of candidate cells
Towards clinical use
Amplification
Therapeutic gene (dmd, exon skipping...)
immortalization (hTERT, CDK4...)
Reprogramming (MyoD, Sox2, klf4, Oct3/4...)
Transplantation of cells into patients
+/– immunosuppression






Figure 1. Cell therapy for muscular dystrophies. Critical steps include the isolation of the ideal candidate cell, with eventual
genetic manipulation, and preclinical studies in animal models before reaching clinical stage.
Negroni, Vallese, Vilquin, Butler-Browne, Mouly & Trollet
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physiological progenitors, for which isolation and expansion
is feasible in vitro, and which were thus the first candidate
cell to be tested for cell therapy. The first crucial evidence
that injected myoblasts could restore dystrophin in mdx
mice (mouse model of DMD) was presented by the group
of T Partridge [31], who showed that the intramuscular injec-
tion of normal mouse donor myoblasts was able to convert
dystrophic mdx myofibres from dystrophin-negative to dys-
trophin-positive. Numerous subsequent studies confirmed
these results using myoblasts from newborn [32] or adult
mice [33,34] as well as human myoblasts [35,36]. The initial find-
ings led to several clinical trials in the beginning of the 1990s
(detailed later) that, overall, failed to provide to the patients
any sustained clinical benefit for several reasons, including
the poor survival of cells, their lack of dispersion from the
injection site and immunological rejection by the host. Obvi-
ously, some differences between mice and humans have ham-
pered an efficient transfer from animal models to clinical
settings. Many new clinical trials have been carried out in
mice trying to explain the poor efficiency of these clinical
trials (described below).
Several studies have indicated that the vast majority of the
injected murine myoblasts die during the first days following
transplantation [37]. The reasons for this early death are poorly
understood and may be due to apoptosis, necrosis, anoı¨kis or
non-specific immune destruction. In mice, muscle damaging
or irradiation [32,38] can improve the migration capacities of
myoblasts, but such protocol is not clinically applicable. In
clinical settings, Skuk et al. improved cell dispersion by per-
forming multiple injections every 1 mm [39,40]. This protocol
remains applicable to small limited and accessible muscles,
such as thenar eminence, extensor digitorum or even biceps
brachii in DMD patients, or in the context of autologous
cell transplantation for localized tissue repair in less extended
diseases (OPMD, FSHD). To further improve dispersion,
systemic delivery and stimulation of the migration capacity
of the grafted cells are two alternatives. While few studies
have suggested the possibility of the systemic delivery of myo-
blasts via an intra-arterial route [41], a recent one excluded this
strategy, as myoblasts seem unable to cross the endothelial
blood vessel barrier [42].
Studies on muscle satellite cells have used new powerful
techniques and approaches, such as single-fibre isolation,
genetically modified mice/transgenic mice, flow cytometry
and transcriptome analysis. Among them, studies are being
conducted to improve the comprehension of the biology of
these satellite cells such as their heterogeneity [43,44] or their
niche [45]. Recent studies involving purification of satellite
cells or sub-populations by FACS and implantation without
any in vitro amplification [46-49] or implantation of one single
intact myofibre with its attached satellite cells [50] in mice
resulted in the isolation of satellite cells that robustly contrib-
uted to muscle repair. Notably, the implantation of single






Figure 2. Human myoblasts injected into a cryo-damaged immunodeficient mouse muscle are found in satellite cell positions,
located between the sarcolemma and the basal lamina (laminin staining in grey, merged figure D) of muscle fibres one
month post-injection. Human cells are identified with a laminAC staining for human nuclei (B and D, green) and among them,
satellite cells (white arrows) are identified with a Pax7 staining (C and D, red).
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efficiency of participation in host’s regeneration, although rea-
sons for this increased efficiency are not fully understood.
These results open new avenues for research on myoblast
transplantation, centered on comparisons between cultured
and uncultured cells. Although it seems to be a very promising
approach to understand the mechanisms involved, this is not
yet applicable in clinical situations, where a huge amplifica-
tion of donor myoblasts is still needed due to the low number
of available cells, particularly in autologous trials.
2.2 Human myogenic stem cells (other than satellite
cells)
As discussed above, myoblasts present two main drawbacks
for cell therapy: the cells are often exhausted in dystrophic
conditions (such as DMD [24]), and they can only be
administered intra-muscularly and not systemically [42].
For these reasons, over recent years, other types of stem
cells, distinct from satellite cells have been investigated
and identified in mice. Muscle-derived stem cells, side
population cells, muscle interstitial cells or vasculature-
associated cells have been isolated and have exhibited
variable myogenic potentials in vivo. In humans not all
these cell types have been found or characterized. In this
section we focus our attention on human stem cells (other
than satellite cells) with myogenic potential, which might
be able to improve transplantation efficiency and there-
fore could be used as a therapeutic tool for treating
neuromuscular diseases.
2.2.1 Mesoangioblasts, pericytes, perivascular and
myoendothelial cells
First isolated by the group of G Cossu from the dorsal aorta of
E9.5 mouse embryos [51] so-called mesoangioblasts have been
well characterized in mice [52,53], and also described in
dogs [54] and humans [42]. The behavior of these human cells
has been characterized both in vitro and in vivo [42]: human
mesoangioblasts do not express myogenic and endothelial
markers as in mice, but they express markers of pericytes
(also called mural cells), such as nerve/glial antigen 2 (NG2)
proteoglycan and alkaline phosphatase (ALP), on the basis
of which they can be isolated associated with blood vessels
of adult human skeletal muscles of healthy or young DMD
patients (as an example around 104 cells from 200 mg of skel-
etal tissue biopsies; 2 -- 4% of mononucleated cells obtained
by enzymatic dissociation in DMD). These CD56-/ALP+/
2/NG2+/CD44+/platelet-derived growth factor receptor-b
(PDGF-Rb)+/CD146+/a-smooth muscle actin (a-SMA)+
human mesoangioblasts/pericytes easily proliferate in vitro
and spontaneously differentiate into myosin heavy chain
(MyHC)-expressing myotubes. These cells express the
CD146 antigen, which is a marker of both endothelial pro-
genitors and mesenchymal stem cells (MSCs). Whether mes-
oangioblasts and pericytes are twins or related cell types is
still a matter of debate, as is the exact nature of the CD146+
progenitor. When injected intra-arterially into scid/mdx
mice, human pericytes readily cross the vessel barrier and
migrate into the dystrophic muscle, where they either fuse
to muscle fibres and express dystrophin, or localize in the sat-
ellite cell position and express typical satellite cell markers [42].
Similarly DMD mesoangioblasts/pericytes transduced in vitro
with a lentiviral vector expressing human mini-dystrophin [42]
or micro-dystrophin [54] are able after intra-arterial injection
in scid/mdx mice [42] or golden retriever muscular dystrophy
(GRMD) dogs [54] to reach the skeletal muscle tissue and par-
ticipate to host muscle regeneration. Interestingly, human
mesoangioblasts/pericytes seem to be more efficient when
injected by the systemic route than when injected directly
into skeletal muscle [42]. In parallel, the group of B Pe´ault
has isolated pericytes/perivascular cells from many tissues,
including fetal and adult human muscles [55]. They have
shown that perivascular cells express MSCs markers (CD44,
CD73, CD90, CD105) in situ immediately after isolation
and after prolonged time in culture, suggesting a possible peri-
vascular origin of MSCs [55], however the physiological roles
of pericytes and MSCs in muscle regeneration are still
unknown. Interestingly, myogenic potential does not seem
to be restricted to muscle-derived perivascular cells, as peri-
cytes purified from adult human adipose tissue or placenta
are able to differentiate into myotubes in vitro and to form
human dystrophin-expressing fibres in vivo [55]. Mesoangio-
blasts isolated from peripheral blood of children express the
pluripotency markers Kruppel-like factor 4 (Klf4), c-Myc
and octamer-binding protein (Oct)3/4 (along with NG2,
CD13 and CD44), and may reveal an interesting source of
myogenic precursors [56].
In 2007, Peault’s group also identified a population of
myoendothelial cells located between muscle fibres in adult
human skeletal muscle (less than 0.5% of the total skeletal
muscle cell population) that co-expresses myogenic and endo-
thelial cell markers (CD56, CD34, CD144) and that contrib-
utes more efficiently than CD56+ genuine myogenic cells to
myofibres regeneration in cardiotoxin-injured skeletal muscle
of scid mice [57].
2.2.2 CD133
Recently, it was demonstrated that a small fraction of the
mononucleated cells present in the adult peripheral blood
(estimated to 0.06% in [58]) express the stem cell marker,
CD133, and displays a myogenic potential [58]. Although
the biological role of CD133 (AC133 or Prominin-1) is still
unclear, this epitope seems to be a helpful marker for the iso-
lation of hematopoietic and endothelial progenitors cells,
although it is lost after expansion in vitro, thus hampering
cell tracking after expansion or implantation. In vitro, when
co-cultured with C2C12 myogenic cells CD133+ progenitors
are able to form MyHC-expressing myotubes. When trans-
ferred in vivo by intramuscular injection or intra-arterial
delivery, they are able to fuse to scid/mdx mouse fibres and
produce human dystrophin, or to colonize the satellite cell
niche and express typical satellite cell markers [58]. Moreover,
Current advances in cell therapy strategies for muscular dystrophies














































local injections of human blood CD133+ cells accelerated
muscle regeneration in a rat muscle injury model after 4 weeks:
this ability to ameliorate muscle phenotype seems to be linked
to their capacity to promote vasculogenesis by secreting
VEGF and by differentiating into both endothelial and skele-
tal myogenic lineages [59]. Initially identified in peripheral
blood, CD133+ cells have been also found in human skeletal
muscle [60,61]. Recently, we investigated quantitatively the
regenerative potential of human muscle--derived CD133+ cells
in vivo, after intramuscular injection in immunodeficient
mice and we demonstrated their greater regenerative capacity
when compared with genuine human-satellite-cell-derived
myoblasts classically used in clinical trials. The number of
fibres expressing human proteins, the number of human cells
in a satellite cell position, and cell dispersion were all dramat-
ically increased when compared with human myoblasts [61].
Combined cell and gene therapy approaches, using CD133+
cells isolated from DMD patients in which skipping of a dys-
trophin exon has been provoked, showed that, after systemic
or local intramuscular delivery in scid/mdx mice, the engi-
neered DMD blood-derived and muscle-derived CD133+
cells were able to fuse in vivo with regenerating fibres, to
express functional human dystrophin, and to restore the
dystrophin-associated protein complex. The possible systemic
delivery of these cells makes human CD133+ cells an attrac-
tive candidate for cellular therapy, although the conditions
to amplify these cells in vitro need to be further defined prior
to clinical trials.
2.2.3 Skeletal muscle aldehyde
dehydrogenase-positive cells (SMALD)
Aldehyde dehydrogenase 1A1 (ALDH) is a detoxifying enzyme
involved in the metabolism of aldehydes and of retinoic acid.
Recently, a new cell population has been identified in human
skeletal muscle on the basis of ALDH activity [62]. ALDH+ cells
represent a small fraction of the mononucleated cells (2 -- 4%)
obtained upon enzymatic dissociation of adult skeletal muscle,
and can be divided into two sub-populations, which display
different differentiation capacities. An ALDH+CD34+ subpop-
ulation, which rapidly loses the expression of CD34 in culture,
shows adipogenic and osteogenic but no myogenic differentia-
tion in appropriate media; and an ALDH+CD34- subpopula-
tion, which rapidly upregulates CD56 expression, gives rise to
multinucleated myotubes. When injected into irradiated and
notexin-treated tibialis anterior muscles (TAs) of scid mice,
only the ALDH+CD34- cells are able to efficiently contribute
to muscle formation and localize in a satellite cells position.
ALDH+CD34- cells display a huge proliferation capacity after
in vivo injection into scid muscle tissue representing a consider-
able advantage in terms of colonization of the host muscle and
participation to regeneration. The expression of CD44 (by up
to 20% of the ALDH+ CD34- cells), a protein involved in
cell adhesion and migration, could be implicated in the
systemic delivery of these cells, suggesting their use for the
treatment of muscle diseases [62].
2.2.4 Mesenchymal stem cells (MSCs)
Mesenchymal stem cells or multipotent stromal cells (MSCs)
represent a heterogeneous subset of nonhematopoietic cells
that can be identified in several tissues, including umbilical
cord blood, placenta, adipose tissue, liver, muscle, synovial
membrane and bone marrow, the latter representing their
principal source [63,64]. In vitro, under specific conditions,
they differentiate into different mesenchymal lineages, such
as osteocytes, adipocytes and chondrocytes [65]. MSCs are
identified by a number of markers (CD73, CD90 and
CD105) -- although none of these are specific for MSCs --
and by the lack of expression of hematopoietic antigens
(CD45, CD34 and CD14 or CD11b, CD19 and HLA-
DR) [66], while additional tissue-specific markers exist.
MSCs have been also proposed to evade or modulate the
immunological responses, which may be important for induc-
tion of immunotolerance and to avoid rejection of allogenic
transplantation in cell and tissue therapies [67], although they
may be the target of the immune system if they engage into
a differentiation pathway. In addition, MSCs secrete trophic
factors that can promote and regulate endogenous tissue
homeostasis [68]. Unfortunately, reports using MSCs isolated
from different human tissues such as adipose tissue [69,70] or
synovial membrane [71,72] have evidenced only a weak partici-
pation of these cells in muscle regeneration. However, their
relative abundance and availability from different tissues, their
ability to expand rapidly in culture and their immunosuppres-
sive and trophic properties, make MSCs an interesting cell
candidate to be explored [65].
2.2.5 Embryonic (ES) and induced pluripotent (iPS)
stem cells: future potential candidate cells
Human embryonic stem (hES) cells [73] and iPS cells [74,75] are
promising sources for cell therapies. hES cells are derived
from the inner cell mass of the embryonic blastocyst
(5 -- 6 days). They have the ability to self-renew and they
retain the potential to differentiate into any cell type of ecto-
derm, mesoderm and endoderm. However ethical issues sur-
round the use of hES cells in research. The use of these cells
in therapeutic applications needs to be carefully evaluated,
since hES cells can be tumorigenic, leading to formation of
teratomas [76]. Few examples using hES have been reported
in muscle cell transplantation. Barberi et al. [77] described
the derivation of multipotent mesenchymal precursors from
hES. Following transplantation of these cells in cardiotoxin-
injured TAs of scid/beige mice only a small number of cells
could be detected in the injected muscles, but no teratoma
was formed, suggesting a possible future role for hES in mus-
cle cell transplantation. However, we should keep in mind
that the immune privilege of hES cells is today debated [78],
and that they may become rejected as they progress towards
differentiation [79].
iPS cells can be generated from adult somatic cells by the
introduction of a defined and limited set of transcription
factors that reprogram them towards an embryonic-like state.
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Meissner et al. and Takahashi et al. first described this strategy
in mouse fibroblasts [74,75], demonstrating that retroviral-
mediated transduction of four transcription factors (Oct3/4,
sex determining region Y-box 2 (Sox2), c-Myc, Klf4) could
induce pluripotency. This method has now been applied to
other types of mouse cells and to human somatic cells [80].
Recent studies showed that combination of compounds [81],
recombinant proteins fused to cell-penetrating peptide [82],
expression plasmids [83] or even microRNA [84] could partly
substitute or entirely eliminate the use of integrative viral vec-
tors, addressing a crucial safety issue for possible use of iPS
cells in future human transplantation trials. Interestingly,
human iPS cells have recently been generated from DMD
and BMD patient’s fibroblasts [85] and also from peripheral
blood (comments in [86]). Although some reports on the
induction to the myogenic lineage from both ES and iPS
murine cells have been described [87,88], differentiation of
human iPS into the myogenic lineage is still problematic, as
for hES cells. These results open a new field that should be
further investigated for future potential candidates for
cell therapy.
3. Genetically modified cells
In this section we will give an overview of the various genetic
strategies developed to modify cells prior to transplantation
(Table 2 and Figure 1). These genetic modifications have sev-
eral goals: the insertion of therapeutic genes to correct muta-
tions in selected cells, or the addition of genes able to
modify the transcription/translation machinery, but also for
research purposes, the addition of reporter genes to monitor
cell transplantation, or the addition of specific transgenes to
immortalize valuable cell lines [89]. In the context of cell ther-
apy, two strategies are available: i) use of cells from a healthy
donor (heterologous transplantation or allotransplantation) or
ii) use of cells from the patient (autologous transplantation)
which will need to be genetically modified in vitro prior to
injection to restore the expression of a mutated protein. To
avoid immune rejection and immunosuppression, autologous
strategies would be preferred, providing that autologous cells
are available. The choice of the strategy is guided by the clin-
ical indication, hence the possibility of extracting and growing
cells from a given patient. Recent years have seen the develop-
ment of a number of combined therapeutic strategies for
autologous cell transplantation of genetically corrected stem
cell populations. Such a strategy should limit the use of
immunosuppression imposed by the introduction of non-
self antigens as a result of cell integration. One must keep in
mind, however, that the issue is not definitively fixed, because
of the eventual immune reaction triggered by the expression
of the transgene products.
To provide stable transgene expression in proliferating
cells, lentivirus is the vector of choice (Table 2), whereas
both adenovirus and herpes virus genomes are lost after
rounds of cell division. Lentiviral vectors infect muscle
precursor cells (MPCs) very efficiently and the expression of
the integrated transgene remains stable after cell proliferation.
However, for clinical use, the integration site(s) would need to
be carefully monitored in order to avoid any oncogenic
development, as was observed with retroviruses [90].
3.1 Genetic correction
Most studies developed so far have addressed DMD, and con-
sisted of genetic modifications of adult stem cells harvested
from patients to produce a functional dystrophin protein. In
order to accommodate DNA packaging limitations in a range
of viral vectors, synthetic dystrophin quasi-, mini- and micro-
genes have been engineered (these are truncated versions of
the dystrophin cDNA [91]) and tested for therapeutic activ-
ity [92]. These microdystrophins have been tested in cell trans-
plantation studies using lentiviral vectors in murine side
population (SP) cells [93], canine autologous mesoangio-
blasts [54], human, primate and canine MPCs [94,95], human
pericytes [42] or murine SM/C-2.6+ cells [96]. In all these stud-
ies, dystrophin-positive fibres have been observed following
cell transplantation in dystrophic models. However, we have
to keep in mind that dystrophin gene replacement by a trun-
cated dystrophin alone may not be enough as a therapy, since
components of the dystrophin-associated protein complex
and other factors may play a synergistic role in the develop-
ment of DMD pathology [5,97,98]. To avoid the use of trun-
cated versions of dystrophin, Kazuki et al. [99] have recently
validated the use of a human artificial chromosome (HAC)
to restore full-length dystrophin in mouse and human iPS
cells. Similarly, the group of. Tremblay demonstrated that
the use of electroporation combined with the introduction
of a phiC31 integrase led to stable expression of full-
length dystrophin in murine and human MPCs, even if this
technique is less efficient than viral vector delivery [100].
A rapidly expanding field of molecular therapy is repre-
sented by the strategies of so-called exon skipping. As DMD
is commonly caused by frame-shift mutations in the dystro-
phin gene, selective targeted removal of exons allows the mod-
ification of an ‘out-of-frame DMD mutation’ to an ‘in-frame
mRNA transcript’ to produce a functional quasi-dystrophin
protein. Such an exon skipping strategy is currently being
tested in gene therapy clinical trials using small molecules car-
rying the oligonucleotides moieties such as 2¢O-methyl and
morpholinos directed against exon 51 [101,102]. In parallel, it
has also been tested in cell therapy approaches using targeted
oligonucleotides vectorised in U7 small nuclear RNA
(snRNA) constructs in skin fibroblasts [103] or CD133+ cells
of DMD patients [60]. As an example, we have recently dem-
onstrated that dermal fibroblasts isolated from a skin biopsy
of a DMD patient (deletion of exons 49 -- 50) could be
i) immortalized with the telomerase catalytic subunit hTERT
transduction, ii) converted to myogenic cells with MyoD
transduction and iii) repaired using an engineered U7 snRNA
lentivirus to skip exon 51. These triple-transduced cells
were able to form human fibres after engraftment in
Current advances in cell therapy strategies for muscular dystrophies
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immunodeficient mice and illustrated dystrophin rescue [103].
The same approach was also developed recently for dysferlin
deficiency corrected with exon 32 skipping [104].
Finally, the direct targeting of a morbid allele has been
challenged using nucleases (especially meganucleases) in vitro
and in vivo. While catalyzing the opening and repair of
dedicated genomic sequences, these enzymes allow the
replacement or skipping of small numbers of nucleotides.
Consequently, point mutations may be corrected, or frame
shifts may be replaced in phase. Proofs of concepts have
been demonstrated recently using murine and human
cells [105].
3.2 Reporter genes
In pre-clinical studies, reporter genes (beta-galactosidase [41,106],
green fluorescent protein (GFP) gene [52], yellow fluorescent
protein (YFP) gene [96], secreted form of the alkaline phospha-
tase enzyme (SeAP) gene [107]) are often used to monitor the
fate of injected cells following cell transplantation into animal
models. For example, Gerard et al. transduced MPCs with a
retroviral vector expressing the SeAP gene. Following injection
of these transduced MPCs inmdxmice, they showed that SeAP
detection allowed a quantitative evaluation of the efficiency of
cell transplantation: the level of circulating SeAP in the serum
correlated with the amount of injected cells and alkaline phos-
phatase activity detection on muscle sections enabled histolog-
ical analysis around the injected site [107]. More commonly,
GFP or YFP variants have been used to follow injected cells:
as an example, Ikemoto et al. have transduced freshly isolated
SM/C-2.6+ satellite cells with a lentivirus expressing a CMV-
Venus (YFP variant) and were therefore able to quantify on
histological sections the amount of resulting fibres following
injection and regeneration [96]. Cells may be also labeled using
macromolecules or nanoparticles, allowing their tracking using
non-invasive imaging tools such as NMR. However, these
markers must be used with caution since, upon cell death
they are locally released by cells and taken up by circulating
or neighboring cells, which may lead to large overestimation
of cell persistency or integration after implantation [108].
4. Animal models for cell therapy in muscular
dystrophies
The availability of reliable animal models is essential for the
evaluation of therapeutic approaches such as cell-based strate-
gies, allowing extensive pre-clinical studies. Many animal
models of muscular dystrophies, either naturally occurring
or genetically engineered, have been described over the years
(see Table 3 and [109-111]). These models present genetic
and/or physiologic alterations that resemble the related
human disease, giving the possibility of further understanding
the molecular mechanisms underlying the pathological condi-
tion. When the therapeutic approach involves the injection of
human cells, the hurdle constituted by the recipient’s immune
system must be faced, in order to avoid an immune response
leading to the complete rejection of the transplanted cells.
Consequently, several immunodeficient mouse strains (some
of which are also dystrophic) carrying various deficiencies
have been generated. We provide here an overview of several
animal models, distinguishing whether they are immunode-
ficient or not, that constitute fundamental tools in the devel-
opment of therapeutic strategies. This list of animal models is
only a small -- and non-exhaustive -- part of the broad range of
animal models currently available and being used in research
laboratories, particularly concerning models for muscle
disorders, and should only be considered as examples.
4.1 Muscular dystrophy models
Many murine animal models have been discovered or devel-
oped in the field of muscular dystrophies in the past 30 years.
This is mostly due to the extensive knowledge of the mouse
genome gathered over the years, that facilitates gene-targeting
approaches, and also because of their easier and less expensive
use/maintenance, if compared with bigger animals such as
dogs, rabbits, etc. Most cell therapy approaches developed so
far are related to DMD, we have therefore decided to only
describe here DMD models (Table 3) but many other models
are being developed for each muscular dystrophy [109-112].
Many DMD mice models, lacking the dystrophin pro-
tein due to different kinds of mutations, have been des-
cribed in the literature. The mdx strain (isolated on the
C57BL/10 background), was first described in 1984 and has
since been referred to as the ‘mdx-mouse’. This animal carries
a nonsense point mutation in exon 23 of the mouse dystro-
phin gene, which results in a total absence of the full-
length dystrophin protein [113,114] although it shows numbers
of revertant fibres that increase with age [115]. In 1989, four
mdx variants (termed mdx2Cv, mdx3Cv, mdx4Cv, and mdx5Cv)
were derived from male mice treated with the chemical muta-
gen N-ethyl-nitrosourea upon crossing with C57BL/10Sn-
Dmdmdx female animals [116,117]. The mdx4Cv variant, which
carries a C to T transition in exon 53 that gives rise to a pre-
mature stop codon, is often used since it has 10-fold fewer
revertant fibers than the classical mdx-mouse [115]. The mdx
model is the most widely used, even though it shows a milder
and non-progressive phenotype than what is clinically found
in patients: it is therefore a good molecular model of the
disease, but a poor clinical model. In order to obtain a
more severe phenotype, some double mutants carrying the
Dmdmdx background have been developed, such as the
mdx/utrn-/- [118,119] and the mdx/myoD-/- [120]: utrophin
(utrn) is an homologue of dystrophin that interacts with the
dystrophin-associated protein complex and can compensate
for the lack of muscle dystrophin in mdx mice and MyoD is
a myogenic regulatory factor (MRF) exclusively expressed in
skeletal muscle, playing a role in satellite cell function. If the
aim is, instead, to achieve a picture that is closer to the clinical
situation, we should consider a bigger animal model: in the
GRMD dog, the disease is caused by a point mutation in
the splice-acceptor site in intron 6, which leads to the
Current advances in cell therapy strategies for muscular dystrophies
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skipping of exon 7 and to premature stop-codon formation in
exon 8 [121,122]. This model suffers from a rapidly progressing
and fatal disease that is more closely related to the human
DMD, although there is a large variation in disease severity
among littermates. In Japan, affected GRMD have been arti-
ficially mated with Beagle dogs to obtain a smaller breed pre-
serving the same phenotype (CXMDJ dogs) [123]. Among
larger DMD animal models, the hypertrophic feline muscular
dystrophy (HFMD) described in 1994 [124], which carries a
deletion in the dystrophin muscle promoter and its respective
first exon should also be considered, although it does not
resemble the DMD patient phenotype as well as the
GRMD model does [109].
4.2 Immunodeficient models
The in vivo evaluation of a cell-therapy approach based on
injections of human cells necessarily involves the use of
immunodeficient animal models in order to tolerate xeno-
grafts of human cells (Figure 3). Many of the models currently
available present several drawbacks, which usually correspond
to the nature of their deficiencies: from the maintenance of
the colony, which may be hampered by the excessive weakness
of their immunodeficient condition, to an incomplete immu-
nodeficiency, resulting in the rejection of the transplanted
cells. The most widely known immunodeficient models are
the Nude and Scid mice; the former lacks T-cells due to thy-
mic dysgenesis, whereas the Scid mouse has a defect in both
T- and B-cell development [125-127]. These deficiencies are
due to a mutation in the Prkdc gene (DNA-protein kinase),
responsible for deficient DNA repair, which is required for
successful V(D)J recombination of immunoglobulin and
T cell receptor gene segments during the immune system
development. Nonetheless they both retain NK cell activity,
which could still give rise to an immune response against
the grafted cells. To avoid this problem additional
immunodeficient animals have been produced, such as the
Rag2-/-gC-/- mouse and the Rag2-/-gC-/-C5-/- mouse [128-130].
Both mice lack T- and B-cells, due to a mutation in recombi-
nase activating gene 2 (Rag2), which leads to a complete block
in B- and T-cell differentiation [131]; in addition they carry a
mutation in the gC gene, which encodes the common inter-
leukin receptor gamma chain, preventing NK-cell develop-
ment. The latter mouse model also has defects in the innate
immunity due to the lack of the C5 component of the com-
plement cascade, and is the most efficient host for human
muscle xenografts [132]. Recently, another mutant mouse,
with the same cellular deficiencies, has been generated. It car-
ries mutations on the Rag2 gene and on the Il2rb gene, which
encodes the beta-subunit of the high affinity IL-2 receptor,
and therefore results in the incomplete NK-cells develop-
ment [133]. There are also two dystrophic immunodeficient
mouse models currently available: the Nude/mdx [38,134] and
the Scid/mdx [58] models. As already mentioned, their immu-
nodeficient phenotype is not complete, since both Scid and
Nude strains still retain NK-cell activity [135,136], and this
could result in the rejection of grafted cells. Furthermore,
the presence of revertant fibres in the mdx phenotype must
be considered since this feature of the mdx mutation may
introduce a positive bias in the results when assessing a
cell-therapy approach.
5. Clinical trials
Since the first clinical trial 20 years ago, several further
attempts have been made, mainly in DMD patients of differ-
ent ages and conditions, using different numbers of cells or
immunosuppressive regimens. Several muscle groups have
been targeted using different techniques, such as single versus
serial protracted injections, small versus large volumes. No
severe side effects were observed, but unfortunately the results
obtained have been, in the best-case scenario, short-lasting
dystrophin detection and/or an improvement of muscle
strength in a few cases [39,40,137-149] (Table 4). In all cases but
one [149], heterologous transplantations were performed, but
complete matching was met only once [143]. Numerous hur-
dles have been identified and studied in an immunosup-
pressed non-human primate experimental model. The most
recent clinical trial by Tremblay’s group, using delivery of
large number of cells in small volumes, and under immuno-
suppression, showed a significant percentage of patient muscle
fibers expressing the donor dystrophin but restricted to the
injection sites.
Myoblast transplantation always leads to the formation
of skeletal muscle tissue at the injection sites, with very local-
ized tissue repair. Therefore, this approach has been pro-
posed for treatment of localized muscular dystrophies, or
even for post-ischemic heart failure. Classically, myoblasts
Figure 3. Injected human myogenic cells contribute to the
generation of new muscle fibres in a cryo-damaged muscle
of Rag2-/-gC–/-C5-/- immunodeficient mouse. Human nuclei
are identified with a human-specific laminAC staining (red)
among all nuclei (hoechst, blue). Spectrin antibody (green) is
used to identify the human specific protein in newly formed
muscle fibres.
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are harvested from a muscle group that is not clinically
affected by the disease, expanded in vitro, and injected in an
autologous context in the clinically affected muscle in order
to improve its regenerative capacities.
We have proposed autologous myoblast transplantation as
a potential strategy to improve muscle function in muscular
dystrophies leaving spared muscle tissues, such as OPMD
and FSHD, two autosomal dominant diseases. OPMD is a
late-onset muscular dystrophy characterized by a typical dis-
tribution localized to eyelid and swallowing muscles, followed
in late stages by proximal limb weakness. The dysphagia com-
promises the life expectancy, and classical myotomy is often of
transient benefit. A preclinical study [150] documented the
myogenic capacities of myoblasts expanded from non-
clinically affected muscles (sterno-cleido-mastoidian, or vastus
lateralis), and a Phase I clinical trial has been launched. The
trial is a feasibility and tolerance study, and although the first
results are encouraging, their analysis is still ongoing.
FSHD is characterized by a typical regional distribution,
with progressive weakening of face and shoulder girdle
muscles, further extending to abdominal and pelvic girdle,
and to humeral and anterior forelimb muscles. Autologous
myoblasts harvested from clinically non-affected muscles and
expanded in culture, have been proposed to be transplanted
into clinically affected muscles [151]. The pre-clinical valida-
tion of this concept required, in addition to amplification
and characterization of FSHD myoblasts from unaffected
muscles, their implantation into skeletal muscles of relevant
animal models. These results paved the way for an ongoing
Phase I clinical trial (safety and feasibility), using vastus later-
alis autologous myoblasts and targeting tibialis anterior.
While OPMD represents an ideally limited muscle correction,
the larger target in FSHD will require further validation.
6. Expert opinion
Muscular dystrophies represent a tremendous range of patho-
logical conditions, suggesting a huge variety of clinical indica-
tions. Hence, there can be no unique solution, and we are
moving from a unified field to a patient-tailored therapeutic
strategy: does the patient suffer a slow or a rapid muscle
degeneration, is it a localized or a generalized disease, with
pediatric or adult onset, detrimental to the autologous pro-
genitors? May the mutation be alleviated either by a gene
repair, a gene complementation or a gene modulation tool?
Finally, as clinical outcome is of high concern, what may be
the expectations of the patients: a cure, an improvement in
the quality of life, or just a stabilization?
Although the cellular physiology of muscle homeostasis and
repair by its own progenitor is well known, the questions
regarding the heterogeneity of these progenitors, the growing
number of ‘stem cells’ with myogenic potential and the
numerous cytokines and growth factors potentially acting in
solo or in an orchestrated manner are still pending.
So far, using amplified myoblasts, only small amounts
of skeletal muscle tissue could be obtained at the injected
sites in various clinical trials, mostly centered on DMD.
Alternative myogenic cell types recently described have
not yet been used in clinical trials, while other gene-
based therapies, such as exon skipping, are currently being
tested in Phase I and II clinical trials. Autologous myoblast
(or any myogenic cell type) transplantation may be suited
to localized forms of muscular dystrophy such as
OPMD, or extended to FSHD if results are encouraging
enough, the key words for cell therapy being a limited tar-
get. We need to improve the conditions for isolation,
expansion (which should be as limited as possible since it
hampers the regenerative capacity in vivo) and implanta-
tion of cells to limit cell death and improve homing and
migration within the tissue, with or without the help of
cytokines or of matrix or hydrogels. Reducing fibrosis or
controlling inflammation may also improve the success of
transplantation in recipient tissue. The ideal candidate
should be easily isolated, amplified and injected systemi-
cally while targeting the desired site. Such a goal will
probably require more years of research.
However the times when researchers were isolated in their
respective research areas is over, and we should think now of
combined therapeutic approaches: cell therapy could be used
to target the few muscles not corrected, or badly corrected,
by exon skipping or any other gene therapy approach, using
the precursor best suited depending on the target. Collabora-
tive efforts of both stem cell and gene therapy researchers
should in the future enable safe and efficient dedicated clinical
trials, most probably designed specifically for each muscular
dystrophy, or even for each type of mutation.
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THERAPEUTIC STRATEGIES FOR
MUSCULAR DYSTROPHIES
Muscular dystrophies are clinically and molecularly het-
erogeneous diseases characterized by muscle weakness,
muscle wasting, and degeneration, affecting both children
and adults (1). The majority of muscular dystrophies are
caused by mutations in genes coding for proteins either
associated with the muscle cell membrane, such as the
dystrophin!glycoprotein complex (DGC) (2) or the extra-
cellular matrix, such as laminin 2 and collagen VI (3), or
the nuclear membrane such as lamin A/C or emerin (4);
see www.musclegenetable.org/ for an updated table of
genetic neuromuscular disorders.
Duchenne muscular dystrophy (DMD) has been an
early target for cell therapy. DMD is the most common
form of muscular dystrophy, since it occurs at a rate of
approximately 1 in 3500 male births, and also one of the
most severe, with onset in early childhood and progres-
sive muscle wasting and weakness that leads to death in
the third decade of life (1). So far, the only clinical treat-
ments for DMD patients are limited to supportive care,
such as surgery, corticosteroid administration for muscle
weakness, ventilation for respiratory failure, and physio-
therapy. These treatments result in amelioration of symp-
toms and improved quality of life (5). However, these
corrective therapies show many side effects, such as
weight gain and osteoporosis with the risk of bone frac-
tures (6). Consequently, new pharmacological, gene-based
and cell-based therapeutic strategies have been developed
(7!9).
The major goals of many of the pharmacological ther-
apies are either to delay the onset of pathological features,
counteracting the consequences of the dystrophic process,
or to ameliorate the muscle function by means of anti-
inflammatory molecules or other drugs, such as protease
inhibitors, calcium blockers or drugs that act on protein
and lipid metabolism (10). For example, the upregulation
of utrophin, an autosomal homologue of dystrophin, could
be an alternative strategy to treat DMD patients, since its
increased expression in mdx mice has been shown to pre-
vent/reduce the dystrophic phenotype (11).
Anti-inflammatory drugs, such as glucocorticoids,
have been shown to be effective in slowing the progres-
sion of the disease in DMD patients (6,12). Although
steroid-induced side effects can be serious (e.g. weight
gain, bone fractures, etc.), the treatment with anti-
inflammatory drugs has been shown to prolong ambula-
tion considerably and reduce the incidence of severe
scoliosis (7).
Another promising pharmacological approach is
based on the read-through of stop codons. Nonsense
mutations (deletion or substitution of a single DNA base
that leads to the formation of a premature stop codon)
will cause the premature termination of the protein trans-
lation. Over 10 years ago, Barton-Davis et al. showed
that administration of the aminoglycoside antibiotic gen-
tamicin led to the read-through of the stop mutation in
the mdx mouse and the production of significant quanti-
ties of dystrophin (13). A similar approach is now used
in clinical trials by PTC pharmaceutics/Genzyme with
PTC124 (14).
Gene therapy, in contrast, directly targets the genetic
defects, attempting to overcome pathological mutations
by providing the muscle with the correct form of the gene
or by correcting the protein by using a gene splicing
approach to restore the reading frame using exon-skipping
vectors (8,15). While exon skipping strategy is now being
tested in clinical trials following the first proofs of con-
cept using oligonucleotides (16) and morpholinos (17),
recent years have seen the development of other vectors,
such as U7-based viral vectors (18), as well as a number
of other strategies and tools for effective gene replace-
ment therapies. Although this is in theory the simplest
approach for the treatment of genetic diseases such as
muscular dystrophies, its application to muscle diseases
has faced problems common to other genetic diseases,
such as ectopic gene expression, immune modulation
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against the vector and the transgene expression product
itself, vector design and production, and also problems
specific to muscular dystrophy, such as gene delivery to
the majority of muscle fibers (19,20).
Cell therapy is based on stem cell-driven muscle
regeneration, by local or systemic injections of precursor
cells. Transplanted cells must be able to fuse with exist-
ing myofibers or form new muscle fibers, and trans-
planted cell nuclei, which are incorporated into the
myofibers, will express the missing gene product. In addi-
tion to regeneration of myofibers, a major goal of stem
cell therapies is the reconstitution of the satellite cell
niche, which promotes future functional regeneration of
the muscle.
Cell transplantation therapy was first explored in the
mouse as early as 1978 by T. Partridge and colleagues
(21). The positive results obtained in animal models led
to several clinical trials in the early 1990s that demon-
strated the safety of the technique but did not show func-
tional benefits in the injected muscles. Failure was mainly
due to the poor survival and migration of injected myo-
blasts and, in some cases, also to the host’s immune
response against transplanted cells (9). Among all myopa-
thies, DMD has been the major target of myogenic cell
transplantation, due to the existence of an animal model,
the mdx mouse, lacking dystrophin (22). Two strategies
are possible: (i) heterologous transplantation (also termed
allotransplantation), when cells from a healthy donor
are used; or (ii) autologous transplantation, when
healthy cells from the patient himself are used. Both
strategies are associated with distinct benefits and risks
that should be taken into account when deciding
which treatment a patient should undergo. In the case
of heterologous transplantation the main hurdle is to find
a suitable immunocompatible donor, with the potential
risk of immune rejection if HLA (human leukocyte
antigens, also known as MHC, major histocompatibility
complex) matching is not achieved closely enough (for a
review see 23).
In the case of an autologous transplantation the donor
cells isolated from the patient must be derived from
healthy or non-affected muscles. While this is applicable
to some diseases such as oculo-pharyngeal muscular dys-
trophy (OPMD) where very few muscles are targeted by
the disease (24), in most muscular dystrophies the cells
would have to be genetically corrected, in order to restore
the expression of the mutated protein.
CELL CANDIDATES
The ideal cell candidate for cell transplantation therapy
should fulfill several criteria: (i) be easily expandable
in vitro without losing their “stem-cell” and myogenic
properties, in order to both replenish the satellite cell
niche and repair/replace damaged fibers once injected in
situ; (ii) for whole body treatment they should be able to
be deliverable systemically, in order to reach all affected
muscles; (iii) be able to survive, proliferate and migrate
throughout the entire host muscle.
Over the past years several different types of precursor
cells have been identified, characterized, and are now
being considered for cell therapy approaches (25,26),
these are summarized in Table 77.1 and will be discussed
in detail below.
Satellite Cells
The most obvious candidates for cell therapy of muscu-
lar dystrophies are the satellite cells, which are called
myoblasts when expanded in vitro. These cells were first
identified over 40 years ago (27) and since then they
have been clearly established to be the adult skeletal
muscle stem cell (28). Located between the basal lamina
and the sarcolemma of the muscle fiber, they are ideally
positioned to repair degenerating muscle fibers. In
mature skeletal muscle they are in quiescent state but
are activated in response to muscle damage
(Figure 77.1) or increased muscle load (29). The activa-
tion and proliferation of satellite cells during muscle
regeneration is mainly controlled by two transcription
factors, Myf5 and MyoD (30,31), and is followed by
differentiation to form new myotubes. A small number
of cells do not undergo terminal differentiation but
restore the reserve pool of quiescent muscle stem cells
available to mediate further cycles of muscle regenera-
tion (32).
In mice, satellite cells are most abundant at birth
(20%) (33) and their frequency declines to stabilize to
between 1% and 5% of skeletal muscle nuclei in adult
mice (34). In humans, the proportion of satellite cells in
skeletal muscles also decreases with age, which could
explain the decreased efficiency of muscle regeneration
in older subjects, when the satellite cells will represent
only 1!0.5% of the muscle nuclei (35). An essential
parameter for cell therapy is their identification/purifica-
tion. For years the characterization of satellite cells was
made on the basis of electron microscopy. The discovery
of numerous molecular markers, which can be used either
to identify satellite cells on sections or to purify them
using surface markers, has radically changed the field.
Currently the most widely used markers in the mouse are
Pax7, M-cadherin, caveolin-1, CD34, α7β1 integrin, SM/
C 2.6 (36) and syndecan 3 and 4 (32,37), whereas CD56/
NCAM, a surface marker which, although not entirely
satellite cell specific, has been used to purify these cells
from mouse and humans muscles, and Pax7, a nuclear
transcription factor, have been used in humans (38). The
combination of these two latter markers with laminin
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staining (for basal membrane identification) is the most
valid method to identify human satellite cells in their
in vivo niche (37,38) (Table 77.1, Figure 77.2).
Numerous trials aiming at reconstituting skeletal mus-
cle in human muscle diseases (mainly DMD) using myo-
blast transfer therapy have been carried out over the past
20 years, and have provided many lessons concerning the
hurdles that still remain to be faced in order to optimize
cell therapy strategies. Isolation and expansion of myo-
blasts is feasible in vitro, and they were thus chosen as
the first candidate cell to be tested for cell therapy.
Myoblast transplantation was first explored in the mouse
in 1978 by T. Partridge and colleagues (21), who showed
that injecting normal healthy myoblasts into the tibialis
muscle of an mdx mouse resulted in the restoration of
dystrophin expression to the entire muscle. Many subse-
quent studies confirmed these results using myoblasts
from newborn (39) or adult mice (40,41) as well as
human myoblasts (42). These very promising preliminary
results led to several clinical trials in the 1990s that, over-
all, failed to provide to the patients any relevant clinical
benefit. The most commonly encountered difficulties
were the poor survival of cells, the limited dispersion
from the injection site, immunorejection of allogenic
cells, and inefficient myogenic contribution (9). When
applied in mice, muscle damage or irradiation (39,43) can
improve the migration of myoblasts, but owing to obvious
ethical reasons such a protocol is not clinically relevant.
In a more clinical context, Skuk and colleagues were able
to improve cell dispersion by performing multiple injec-
tions 1 mm apart (44). Although this was shown to
greatly improve muscle reconstitution, this protocol
remains more pertinent in the case of muscle dystrophies
where only a limited number of small muscles are
involved and would consequently only require a localized
tissue repair, e.g. OPMD or facioscapulohumeral dystro-
phy (FSHD), for which cell therapy clinical trials are
ongoing.
To further improve dispersion of transplanted cells,
systemic injection could be a possible solution, but this
strategy has been excluded for myoblasts following a
study that demonstrated that they were unable to cross the
endothelial wall (45).
More recent experimental studies on muscle satellite
cells have used new powerful approaches, e.g. single fiber
isolation, purification of satellite cells or subpopulations
by FACS sorting followed by direct in vivo injection
in the absence of in vitro amplification (46!48). Although
these approaches showed better efficiency compared to
those obtained using in vitro expanded myoblasts, their







FIGURE 77.1 Satellite cells. Satellite cells are located beneath the basal lamina of muscle fibers and are normally in a quiescent state. They can
become activated following mechanical stimulus or injury and then start to proliferate. Some of them differentiate to form multinucleated myofibers,
whereas some others do not undergo terminal differentiation but restore the reserve pool of quiescent cells available to mediate further cycles of mus-
cle regeneration.
FIGURE 77.2 Satellite cell localization and identification by Pax7
expression. Human myoblasts injected into an immunodeficient mouse
muscle are found in satellite cell position, located between the sarco-
lemma and the basal lamina (laminin staining in grey, D), one month
after transplantation. Human cells are stained with laminAC (green, C
and D), satellite cells (white arrow, D) are identified with a staining for
Pax7 (red, B and D).
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At present, although myoblast transplantation can be
applied to limited targets, such as pharyngeal muscles in
OPMD patients, we are still a long way from a wide clini-
cal application of myoblast transfer therapy. However,
newly discovered myogenic stem cells, which are
described in more details in the following sections, raise
new hopes for cell therapy in muscular dystrophies.
Mesoangioblasts
So far, the most promising cells that can be delivered sys-
temically to skeletal muscle are mesoangioblasts (or peri-
cytes) (45,49) (for a review see 50) and cells derived
from muscle that express the stem cell marker CD/AC133
(51) (next section).
Mesoangioblasts were initially isolated from the dorsal
aorta of mouse embryos (52) but more recently this class
of vessel-associated stem cells have also been character-
ized in dogs (53) and humans (45). The behavior of these
cells in humans has been well characterized both in vitro
and in vivo: adult cells do not express endothelial mar-
kers, but instead express markers of pericytes, such as
NG2 proteoglycan and alkaline phosphatase (ALP), and
can be easily isolated from freshly dissociated ALP1
cells. These pericyte-derived cells readily proliferate
in vitro and spontaneously differentiate into myosin heavy
chain (MyHC)-expressing myotubes. Their ability to con-
tribute to muscle regeneration has been tested in both
mice and dogs. Arterial injections of wild-type mouse-
derived mesoangioblasts into female α-sarcoglycan null
dystrophic mice restored the expression of α-sarcoglycan
and the dystrophin!glycoprotein complex (49).
Interestingly, similar results were obtained in GRMD dys-
trophin-deficient dogs (53). Human-derived cells also
showed good myogenic regeneration in vivo, when
injected into the femoral artery of scid/mdx female mice,
and were able to colonize the host muscle, either fuse to
muscle fibers and express dystrophin, or localize to the
satellite cell position and express typical satellite cell
markers (45). Similarly, mesoangioblasts derived from
DMD patients, transduced with a lentiviral vector expres-
sing human mini-dystrophin (45), were able to reach the
skeletal muscle tissue and participate to host muscle
regeneration after intra-arterial injection in scid/mdx mice
(45). Based on the positive results obtained with the
above-mentioned studies, a phase I clinical trial using
mesoangioblasts allotransplantation in DMD patients has
been initiated in 2011 (26).
CD1331 Cells
The glycosylated epitope CD133, normally expressed on
circulating human hematopoietic/endothelial progenitors,
has been recently used to identify a new cell
subpopulation with myogenic capacities in the peripheral
blood (54). These cells, called CD1331 (or AC1331),
when co-cultured with mouse myoblasts or with
Wnt-expressing cells, were able to form MyHC-expres-
sing myotubes in vitro, and to participate to muscle
regeneration and replenish the satellite cell compartment
in vivo, when injected into dystrophic muscles of scid/
mdx mice (54).
Recently, the in vivo regenerative potential of human
skeletal muscle-derived CD1331 cells has been quantified
and compared with that of human myoblasts. After intra-
muscular injection into the cryo-damaged muscles of
Rag22 γC2 C52 immunodeficient mice, CD1331 cells
showed a greater regenerative capacity in terms of num-
ber of fibers expressing human proteins and number of
human cells in a satellite cell position, than bona fide sat-
ellite cell-derived myoblasts (51). Due to the promising
results obtained in mice, a phase I clinical trial has been
performed to confirm the safety of autologous transplan-
tation of muscle-derived CD1331 stem cells in DMD
patients (55) and neither local nor systemic side effects
were observed (55).
Side Population (SP) Cells
Side population (SP) cells are defined as the cell frac-
tion that efficiently excludes Hoechst 33342 dye (DNA
binding dye), and therefore shows a unique pattern on
fluorescence-activated cell sorting (FACS) analysis (56).
This cell population was initially described in bone mar-
row cultures, but has been identified consequently in
several other tissues, such as liver, lung, kidney, brain,
heart, and skeletal muscle. SP cells can differentiate
into several lineages in vitro, e.g. adipocyte and osteo-
cyte (57), but they do not differentiate into myotubes
unless they are co-cultured with myoblasts (57,58),
although they can be directed towards myogenic differ-
entiation in response to the muscle environment, and
have been shown to be also capable of giving rise to
skeletal muscle and satellite cells in vivo (58). It has
been established that SP cells are not derived from sat-
ellite cells because of the specific surface marker that
they express (59).
The SP cell fraction is a heterogeneous cell popula-
tion: more than half of the muscle-derived SP cells are
CD341, and almost the entire fraction (90%) is also Sca-
11 (57). The majority of muscle SP cells are positive for
CD31, a marker of endothelial cells, and the
CD312CD452 subfraction, whose number and ratio
increase during muscle regeneration (57), can differenti-
ate into myogenic, adipogenic, and osteogenic lineages
in vitro, although it has a limited myogenic potential
in vivo compared to satellite cells. In addition, it has been
recently shown that this SP cell subfraction can support
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muscle regeneration by promoting proliferation and
migration of myoblasts (60).
ES and iPS Cells
Embryonic stem (ES) cells are totipotent stem cells, able
to differentiate into all types of somatic and germ-line tis-
sues in vitro (61). ES cells have a high potential of prolif-
eration and differentiation, therefore the differentiation
process must be carefully controlled, in order to specifi-
cally guide the cells into the myogenic lineage and avoid
the formation of teratomas, one of the major hurdles
faced during ES cell-based therapies. The teratoma for-
mation results from the presence of residual undifferenti-
ated ES cells (62) and depends on the stages of
embryogenesis or fetal development (63).
Several reports have indicated that mouse ES cells can
be induced to differentiate into muscle fibers if myogenic
genes, such as MyoD or IGF-II, are transfected into the
cells (64,65). Recently, Chang and colleagues have
described a new method to induce the differentiation of
mouse ES cells into the skeletal muscle lineage (66):
briefly, they modified the ES cell culture conditions in
order to obtain more Pax7 positive cells, which were then
FACS sorted using the SM/C 2.6 antibody. These sorted
cells were able to generate muscle fibers both in vitro and
in vivo, even after long-term engraftment (up to 24
weeks) (66).
Human ES cells were first established by Thomson
et al. in 1998 (67); however, the ethical issues linked to
their use are still a matter of debate. Barberi et al.
described the derivation of multipotent mesenchymal pre-
cursors from human ES cells (68), however their study
was limited to the qualitative detection of donor-derived
differentiated cells in mouse recipient muscle upon injec-
tion of hESCs (human embryonic stem cells).
In 2006, Yamanaka and his colleagues established a
new stem cell population, named induced pluripotent
stem (iPS) cells, by reprogramming mouse fibroblasts
with four transcription factors, Oct3/4, Sox2, KLF4 and
c-Myc using retroviral vectors (69). iPS cells have been
shown to be functionally equivalent to ES cells, as they
express ES cell markers, have similar gene expression
profiles, form teratomas when injected into immunode-
ficient mouse, and contribute to the cell types of chime-
ric animals, including the germ line. Moreover, Park
et al. showed that it is also possible to generate iPS cells
from DMD and BMD patient fibroblasts (70), thus
increasing the hopes for possible future applications in
cell therapy for DMD. In addition, it has been demon-
strated that iPS cells, derived either from mdx mice or
DMD patients, can be genetically corrected using a
human artificial chromosome (HAC) containing the
genomic dystrophin sequence (71). As mentioned above,
the generation of iPS cell was initially obtained using 4
growth factors, which included an oncogene, c-Myc.
Many studies have tried to reduce or replace the use of
these genes (72!74), although, at present, no chemical
compound can entirely replace the function of these
transduced transcription factors.
This iPS approach avoids the ethical issues related to
the use of ES cells, and allows the generation of autolo-
gous pluripotent stem cells, although the control of their
differentiation is as critical as for ES cells.
Mesenchymal Stem Cells (MSCs)
Mesenchymal stem cells or multipotent stromal cells (MSCs)
represent a heterogeneous subset of non-hematopoietic cells
that can be identified in many tissues, including umbilical
cord blood, placenta, adipose tissue, liver, muscle, synovial
membrane and bone marrow (75,76). They can differentiate
into mesodermal lineages, including adipose tissue, cartilage
and muscle (77!79) and can form contractile myotubes
in vitro (80).
MSCs can be identified by several markers (CD73,
CD90 and CD105) ! although none of these is MSC-spe-
cific ! and by the lack of expression of hematopoietic
antigens (CD45, CD34 and CD14 or CD11b, CD19 and
HLA-DR) (81). MSCs have also been proposed to evade
or modulate the immunological responses, which may be
important for the induction of immunotolerance or to
minimize the rejection of allogenic transplantation fol-
lowing cell therapy (82), although they may become tar-
gets of the immune system when they engage into a
differentiation pathway.
Numerous papers have described the use of MSCs in
cell therapies for DMD. MSCs have been shown to have
myogenic potential in the mdx mouse (83), and Ferrari
et al. showed that adherent MSCs derived from bone mar-
row could migrate into the regenerating muscle and par-
ticipate to the regeneration giving rise to differentiated
myofibers, although with a very low efficiency (84).
More recently, adherent MSCs derived from human bone
marrow were engrafted into mdx-nude mice and human
dystrophin positive fibers could be detected two weeks
after injection (85). The therapeutic potential of MSCs in
skeletal muscle still needs to be confirmed, since their
efficiency is very low, although their immunomodulating
potential is promising.
Skeletal Muscle Aldehyde Dehydrogenase-
Positive Cells (SMALD)
Recently, a new cell population has been identified in
human skeletal muscle on the basis of aldehyde
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dehydrogenase 1A1 (ALDH) enzymatic activity. This
enzymatic activity is known to be a characteristic feature
of human bone marrow, umbilical cord/peripheral blood
progenitors and was also found within the skeletal mus-
cle, as shown by Vauchez and colleagues (86). This
newly discovered ALDH1 cell population can be divided
into two sub-populations, according to the expression of
the marker CD34, and only the CD342 fraction could
develop CD561 myoblast in vitro that were able to form
multinucleated myotubes.
Moreover, only the ALDH1/CD342 population
showed a strong myogenic potential in vivo after injection
into irradiated and notexin-treated muscles of scid mice.
The grafted cells were able to efficiently participate to
muscle regeneration and localize in a satellite cell posi-
tion (86). Although further studies are required for a more
complete characterization, especially concerning their
in vivo behavior, these new muscle progenitors demon-
strate a good potential for cell therapy.
PW11/Pax72 Interstitial Cells (PICs)
Recently, the group of D. Sassoon has discovered a new
population of muscle-resident stem cells in the mouse,
called PW11/Pax72 interstitial cells (PICs), located
within the interstitial space of skeletal muscle (87).
These PICs show bipotential behavior in vitro, being
able to differentiate towards the myogenic lineage and
to generate both smooth and skeletal muscle. These cells
were shown to be able to participate to myogenesis
in vivo and contribute to skeletal muscle regeneration, at
levels comparable to those obtained with freshly isolated
satellite cells, when injected into cryo-damaged muscles
of immunodeficient mice (87), although it is not yet
clear whether these cells can be delivered via the system
circulation and whether they represent in humans a pop-




Correction of the genetic defect in the transplanted cells
would permit the use of autologous instead of heterolo-
gous donor-derived cells, thus avoiding concomitant
immunosuppressive treatments. The majority of recent
studies have addressed DMD, since it is the most com-
mon form of muscular dystrophy, and many synthetic
quasi-, mini- and micro- dystrophin genes have been
developed, in order to fit DNA packaging limitations
given by viral vectors capacity. These are truncated ver-
sions of the dystrophin cDNA, which however retain only
a partial functionality, thus providing a possible molecu-
lar rescue. However, the site of insertion of these con-
structs would have to be carefully monitored to avoid
tumorigenicity.
As mentioned above in the iPS section, Kazuki et al.
have recently validated the use of a human artificial chro-
mosome (HAC) to restore full-length dystrophin in mouse
and human iPS cells (71), and this would therefore avoid
the use of truncated dystrophin isoforms, which have lost
part of their functionality.
CLINICAL TRIALS
Attempts to reconstitute skeletal muscle in muscular
dystrophy patients through myoblast transplantation
started more than twenty years ago and it has mainly
involved patients suffering from DMD. A number of
clinical trials have been made (Table 77.2), all being
encouraged by the promising results obtained in animal
models. Different parameters have changed, single vs.
multiple injections, the number of injected cells, the
bolus volume, and the injection technique (88). The pos-
itive aspect of these clinical trials is that no severe side
effects have ever been described in the literature, but on
the other hand the results obtained have been, in the
best-case scenario, short-lasting dystrophin expression
and a slight improvement of muscle strength in a few
cases (9).
The mostly common hurdles have been limited
migration and proliferation of donor cells in dystrophic
muscle, problems with poor donor-cell survival, immuno-
rejection and inefficient myogenic contribution (89).
Since difficulties in delivering myoblasts to a wide range
of muscle tissue still has to be overcome, cell therapy
using resident satellite cells can only be considered for
diseases where a few muscle groups are affected, such as
in OPMD or FSHD. In these cases the healthy muscles
represent a source of myoblasts for autologous transplan-
tation that can be used without any immunosuppression.
According to this therapeutic strategy, two clinical trials
are presently ongoing in France for OPMD and FSHD,
supervised by Dr Lacau-Saint Guily and Dr Desnuelle
respectively.
Recent discoveries have shown that many other cell
types might be promising candidates for cell-therapy
strategies, e.g. mesoangioblasts or CD1331 cells, which
already went through a safety and feasibility test recently
(55). For other candidates, such as SMALD1 cells or
PICs, there is still a long way to go before a clinical
application can be envisioned. For more updated informa-
tion regarding currently ongoing clinical trials see http://
clinicaltrials.org.
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CONCLUSION
At present, using myoblasts amplified in vitro, only small
amounts of skeletal muscle tissue have been obtained at
the injected sites in various clinical trials centered on
DMD. Alternative myogenic cell types recently described
have only been used in phase I clinical trials for skeletal
muscle, while other gene-based therapies, such as exon
skipping, are currently being tested in phase I and II clini-
cal trials. Autologous myoblast (or any myogenic cell
type) transplantation may be suited for localized forms of
muscular dystrophy with a limited target, such as OPMD,
or extended to FSHD if results are encouraging enough.
We need to improve the conditions for isolation, expan-
sion (which should be as limited as possible since it ham-
pers the regenerative capacity in vivo) and implantation
of cells to limit cell death and improve homing and
migration within the tissue, with or without the help of
cytokines, matrix or hydrogels. Reducing fibrosis or
controlling inflammation may also improve the success of
transplantation in recipient tissue. The ideal candidate
should be easily isolated, amplified, and injected systemi-
cally while targeting the desired site, and more years of
clinically oriented research will most probably be
required. Collaborative efforts of both stem cell and gene
therapy researchers should in the future enable safe and
efficient dedicated clinical trials, most probably designed
specifically for each muscular dystrophy, or even for each
type of mutation.
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TABLE 77.2 Clinical Trials of Heterologous Cell Therapy for Duchenne Muscular Dystrophy








Law 1990!1 3 9!10 1 8 All patients Dys1 (IHC and WB) m strength at 3 months
Huard 1992 9 5!20 2 77!845 7 patients Dys1 (IHC/WB) 4 patients showed m strength at 4
months
Law 1992 21 6!14 1 5000 m strength in 43% of muscles analyzed at 3 months
Gussoni 1992 8 6!10 2 100 3 patients Dys1 (PCR) at 1 months
Karpati 1993 8 6!10 1 55 No Dys1 at 1 year follow-up 3 patients showed m strength
Tremblay 1993 1† 14 2 704 m strength (12!31%) at 6 months; very slight increase in Dys
expression
Tremblay 1993 5 4!10 2 102!240 3 patients Dys1 (IHC and WB)
Morandi 1995 3 6!9 1 55 No Dys1
Mendell 1995 12 5!9 6 patients1 110 1 patients Dys1 (IHC)
6 patients2
Miller 1997 10 5!10 1 80!100 3 patients Dys1 (PCR) at 1 month; 1 out of 6 at 6 months
Neumeyer 1998 6# . 21 1 73!100 No patients Dys1 (IHC) at 6 months
Skuk 2004!6 9 8!17 1 30 8 patients Dys1 (IHC)
Skuk 2007 1 26 1 25!67.5 Some treated muscles were Dys1 at 14 months (PCR) and 18
months (PCR and IHC)
Torrente 2007 8 8!12 2 0.02* Safety test: no adverse effects were reported. m vascularization
in 4/5 treated muscles
IHC5 immunohistochemistry; WB5Western blot; m5 increase/improvement; †5donor was the monozygotic twin of symptomatic carrier; #5patients
were affected by Becker muscular dystrophy; *5autologous transplantation of CD1331 cells.
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